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FOREWORD

The IAEA Co-ordinated Research Project (CRP) on Combined Methods for Liquid
Radioactive Waste Treatment was initiated in 1997 to identify, through the exchange of
information and the results of experimental work, specific combined methods for liquid
radioactive waste treatment and to define their applicability and efficiency for processing of
different waste streams. Substantial advantages can be accrued by selecting a combination of
two or more processes and their consecutive or simultaneous application for treatment of
liquid waste. The multiple or combined process approach may allow resources and materials
recovery, provide volume reduction or allow processing of waste in a single equipment unit.
Research and development in this field would contribute toward improvement of efficiency,
safety and cost of the whole waste management system.

The CRP brought together 14 research teams from 12 countries. The progress in the
CRP implementation was discussed at three Research Co-ordination Meetings held in the
Republic of Korea (Nuclear Environment Technology Institute, Korean Electric Power
Corporation, 18-22 May 1998), in China (China Institute of Atomic Energy 10-14 April
2000) and in Belgium (Nuclear Research Center SCK/CEN 8-19 October 2001). The
programme of the CRP was oriented not only on the research, but also on the development
and application of different new combined methods for treatment of liquid radioactive waste
aimed at increasing the treatment efficiency. Some combined processes developed in the
frame of this CRP have been applied at pilot plant scale for treatment of actual radioactive
wastes.

The results of four years of investigation and development in the framework of the
CRP are summarized in this report, together with individual reports of all institutions that
participated in the CRP. The summary report was prepared by the IAEA Secretariat with
assistance of consultants from the Czech Republic (J. John), India (P.K. Wattal) and the
Russian Federation (V. Tsyplenkov). The IAEA would like to express its thanks to all those
who participated in the CRP implementation and preparation of this report.

The TAEA officer responsible for this publication was V.M. Efremenkov of the
Division of Nuclear Fuel Cycle and Waste Technology.



EDITORIAL NOTE

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (Whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.
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1. SCIENTIFIC BACKGROUND

The ever increasing pressure to reduce the release of radioactive and other toxic
substances into the environment requires constant improvement/upgrading of processes and
technologies for treatment and conditioning of liquid radioactive waste. Treatment of liquid
radioactive waste quite often involves the application of several steps such as filtration,
precipitation, sorption, ion exchange, evaporation and/or membrane separation to meet the
requirements both for the release of decontaminated effluents into the environment and the
conditioning of waste concentrates for disposal. New and improved materials and processes
are under consideration and development in various countries. Also a judicious combination
of the processes and their consecutive or simultaneous applications is being pursued to meet
the end objectives of improved decontamination, waste volume reduction, safety and overall
cost effectiveness in the treatment, conditioning and disposal of these wastes.

Use of sorbents with other treatment methods such as precipitation or membrane
separation, is a logical development of liquid waste treatment. Sorption combined with
membrane filtration in a single stage process can provide efficient removal of both dissolved
and suspended contaminants even in a colloidal form. This combination has not only the
advantage of improved sorption kinetics on account of a very high surface area of the
sorbents, but also provides for effective separation of the sorbents from the effluents.

The electrosorption technique, where ions move from the solution to the sorbent under
the influence of an electric field, is also emerging as a novel technique utilizing powder and
colloidal sorbents. This technique can employ non-standard sorbents, which are otherwise
ineffective in traditional sorption on account of their column properties and/or their strength.

Photo-degradation is finding wide acceptance for the destruction of organics in spent
decontamination solutions. The oxidative destruction process can be significantly enhanced if
certain inorganic materials are present as catalysts. One of the most effective catalysts is
titanium dioxide which is also known to be an excellent sorbent for a number of
radionuclides. Thus, combined treatment of, for example spent decontamination solutions in
the presence of a titanium dioxide catalyst, would provide very effective destruction of the
complexing agents with release of radionuclides in a form suitable for sorption by the
catalyst/sorbent.

Combination of different sorbents and their application in a single stage process has
also been identified as an effective approach for removal of a broad spectrum of radionuclides
and other contaminants from radioactive waste. The compatibility and synergistic effects of
different sorbents in a multi-layer column may also be quite effective.

Combined methods can also involve a multiple process approach. These could be a
judicious combination of several treatment modules combined to result in an overall efficient
process. For certain organic liquids, such as solvent extraction waste, contaminated oils,
scintillation cocktails, and other miscellaneous organic solvents, multiple processes involving
chemical and/or advanced oxidative destruction followed by precipitation could be effective
for converting organic materials into inorganic forms compatible with the known
immobilization matrices.

These entire multiple or combined processes are attractive for investigation and further
application for liquid waste treatment since they could provide for resource saving and
materials recovery or allow treatment of liquid radioactive waste in a single unit. Such
combined processes are also prospective even for the treatment of industrial and other non-
nuclear waste streams.



2. OBJECTIVES AND SCOPE OF THE CO-ORDINATED RESEARCH PROJECT

The objective of the Co-ordinated Research Project (CRP) on Combined Methods for
Liquid Radioactive Waste Treatment was to outline areas of potential and prospective
combinations of different waste processing steps, techniques and materials for improving the
overall efficiency of waste treatment. Through conducting of research, exchange of
information and results of this research it was intended to identify specific combined methods
for treatment of liquid radioactive waste and to define their applicability and potential
efficiency for particular waste stream processing.

Practical experience in the development and operation of pilot and full-scale facilities
utilizing combined treatment processes for treatment of liquid radioactive waste was
considered to be of particular importance and interest. Therefore for the benefit of all
participants of the CRP its programme was oriented not only on the research, but also on the
development and application of different new materials and combined methods for treatment
of liquid radioactive waste aimed at improving the treatment efficiency. The programme was
planned to prove, possibly up to a pilot plant scale, the effectiveness of the combined
processes for treatment of real radioactive waste.

The following areas have been identified and are recommended for co-operation and
joint efforts.

(a) Use of inorganic sorbents in combination with other treatment processes;

(b) Use of sorbent mixtures;

(c) Combined processes for treatment of solutions containing complexing agents and
organics;

(d) Multiple processes for treatment and immobilization of organic liquid waste.

3. INSTITUTES PARTICIPATING IN THE CO-ORDINATED RESEARCH
PROJECT AND AREAS OF PARTICULAR RESEARCH

Thirteen institutions from eleven countries expressed their willingness and interest to
participate in the research and development outlined in the frame of this CRP. The extensive
research covered a broad scale of treatment techniques including ion exchange, sorption,
precipitation, membrane techniques (micro- or ultrafiltration, reverse osmosis), techniques for
degradation of organic substances (wet oxidation, alkaline hydrolysis, photo-oxidation),
electrochemical methods, combustion, sublimation, studies of catalytic properties, and
modelling of the processes. A general study of the radionuclide and macroelement speciation
helped to fine-tune the performance of some of these methods. Multiple combinations of these
techniques were proposed. The fields of research of the institutes participating in the project
were as follows:

Institute of Radioecological Problems of Belarus Academy of Sciences, Minsk, Belarus,

Chief Scientific Investigator: Yu. Davydov

Removal of radionuclides from the waste solutions by combination of sorption and membrane

filtration or sorption and centrifugation;

—  Influence of complexing anions in the waste solution on pseudocolloid formation and
hydroxide precipitation;

—  General radionuclide speciation.



SCK/CEN, Mol, Belgium, Chief Scientific Investigator: A. Bruggeman

—  Combined methods for volatilization of boric acid from evaporator concentrates;

—  Combined thermal oxidation/catalytic oxidation/sorption method for the treatment of
tritiated organic waste.

Institute for Nuclear Research and Nuclear Energy of the Bulgarian Academy of Sciences,
Sofia, Bulgaria, Chief Scientific Investigator: 1. Stefanova

—  Combined sorption/precipitation method for the treatment of liquid radioactive waste;
—  Clinoptilolite sorption properties;

—  Separation of detergents from liquid radioactive waste.

China Institute of Atomic Energy, Beijing, China,

Chief Scientific Investigator: Xiguang Su

—  Sorption/flocculation/precipitation process combined with ultrafiltration and sorption of
radionuclides onto natural sorbents;

—  Study of radionuclide separation by flocculant precipitation in the presence of highly
selective sorption materials;

—  Optimization of operation of ultrafiltration units (washing the clogged membranes);

—  Sorption properties of clinoptilolites and their modifications.

Czech Technical University in Prague, Prague, Czech Republic,

Chief Scientific Investigator: F. Sebesta

—  Titanium dioxide materials with combined photo-catalytic and sorption properties;

—  Combined single-step process for photo-catalytic destruction of organic complexants
with sorption of the released metal ions on the TiO»;

—  Two-step combined process for photocatalytic destruction of organic complexants
combined with subsequent treatment of the solution by sorption.

University of Veszprém, Veszprem, Hungary, Chief Scientific Investigator: T. Szanya
—  Performance of multilayer combined adsorption/ion-exchange columns for the treatment
of AP-CITROX and LOMI decontamination waste.

Bhabha Atomic Research Centre, Mumbai, India,

Chief Scientific Investigator: P.K. Wattal

—  Combined processes for the treatment of liquid organic waste;

—  “Alkaline hydrolysis” method for the destruction of TBP in spent solvents of
reprocessing origin;

—  Wet oxidation and photo-oxidation processes for mineralization of ion exchange resins
and organic complexing agents.

Malaysian Institute for Nuclear Technology Research, Kajang, Malaysia,

Chief Scientific Investigator: S.H. Hakimi

—  Development of a method for separation of uranium, thorium and radium from raw
aqueous waste stream by chemical precipitation combined with sorption on natural soil
(Laterite).

Nuclear Environment Technology Institute, Daejon, Republic of Korea,

Chief Scientific Investigator: Yo-Yeon Yang

—  Method for treatment of low level waste as an alternative to evaporation;

—  Fibre filtration, ultrafiltration, reverse osmosis, and selective ion exchange for the
treatment of boron-bearing and special laundry waste.



Scientific and Industrial Association “Radon”, Moscow, Russian Federation,

Chief Scientific Investigator: Yu. Karlin,

—  Development and study of a single stage combined electro-sorption process for liquid
waste treatment.

Russian Nuclear Research Center “Kurchatov Institute”, Moscow, Russian Federation,
Chief Scientific Investigator: V. Kosyakov

—  “Mycoton” based materials with combined sorption and flocculation properties;

—  Options for EDTA destruction.

Institute of Chemistry of Russian Academy of Sciences, Vladivostok, Russian Federation,

Chief Scientific Investigator: V. Avramenko

—  Development of sorption-reagent materials for the treatment of liquid waste of complex
chemical composition;

—  Development and study of novel sorbents for cesium and cobalt separation.

L.V. Pisarzhevsky Institute of Physical Chemistry of the Ukranian Academy of Sciences,

Kiev, Ukraine, Chief Scientific Investigator: P. Manorik

— Novel inorganic sorbents with combined properties (modified with crown-ethers or
other ligands);

—  3d-metal oxide (Cr, Fe, Mn, Mo, V) based catalysts for the application in a combined
photocatalytic/sorption process.

4. RESULTS OF INVESTIGATIONS AND DISCUSSIONS

During the implementation of this CRP, it was learned that sufficient potential exists
for the treatment of low and intermediate level radioactive waste employing rather novel
materials with combined properties or adopting a single stage process which combines
multiple treatment techniques. In general, the combined methods for liquid radioactive waste
treatment actually studied within the framework of the CRP could be broadly grouped under
three categories:

—  Application of materials with combined properties (e.g. materials that exhibit both
photo-catalytic and ion exchange properties);

—  Application of different waste treatment principles or techniques in a single stage
process (e.g. the electro-sorption process that combines migration of ions in an electrical
field with their sorption onto a suitable sorbent);

—  Development of combined, multi-stage treatment systems with sequentially incorporated
materials, interrelated techniques and waste treatment steps.

—  Most research and development within the CRP fell under the first two categories, and
represented a broad new approach to liquid radioactive waste treatment.

Based on the categories defined above, the most significant results, obtained by the
CRP participants are summarized below.

4.1. Materials with combined properties
The materials with combined properties have been represented in the CRP by synthesis,

testing and application studies of specific materials with multifunctional properties. These
materials include:



—  The new class of specific sorbents or sorption-reagent materials with very high capacity
and selectivity for particular radionuclides (Cs, Sr, Co, etc.);

—  The modified chitin-based biosorbents of a fibre structure with specific sorption
properties for heavy metals and actinides;

—  The titanium dioxide based sorbents with high sorption properties and catalytic activity
for photo- and chemical oxidation of organic components in liquid radioactive waste.

The results of corresponding investigations and applications are briefly summarized
below.

4.1.1. Sorption-reagent materials

New materials having sorption/reagent properties have been developed at the Institute
of Chemistry of the Far East Department of the Russian Academy of Sciences, Vladivostok,
Russian Federation. These materials have the capability to interact with the waste solution
components and employ dual features of co-precipitation and sorption. When compared with
standard ion exchange resins, the insoluble compounds formed in such interactions were
found to increase, by tens or even hundreds times, the sorption selectivity for different
radionuclides such as strontium, cobalt, mercury, iron, or manganese. The study revealed that
this increase in the selectivity is caused by radionuclide co-precipitation on micro-particles
formed inside the pores of the inorganic matrices in addition to acting as a sorbent.

These sorbents sufficiently address the removal/separation of such radionuclides as
caesium, strontium and cobalt from liquid waste containing highly complexing agents, where
these interact with sulphate-, carbonate-, oxalate-, sulphide-, and permanganate ions for which
the conventional selective sorbents, such as zeolites, titanates, silico-titanates, or manganese
dioxide were inefficient.

These materials have been tested at the pilot-scale facility for the treatment of nearly
1500 m® of real decontamination waste of complex compositions at the high flow rate up to
100 BV/h. Another pilot sorption/reagent installation has been successfully tested at the
A. A. Bochvar Research Centre VNIINM, Moscow.

In addition, the sorption/reagent technique can be further combined with other
radioactive waste treatment methods. It can be also used to treat waste containing
radiocolloids. Its application has a promising potential in the field of liquid radioactive waste
treatment.

4.1.2. Biosorbents and their modifications

Modification of chitin containing sorbents was studied at Russian Nuclear Research
Center “Kurchatov Institute” in Moscow. Various naturally occurring biosorbents are widely
applied specifically for the sorption of long lived radionuclides. Among them, chitin
containing sorbents have been found to be very efficient on account of their abundance and
the textural characteristics. These chitin containing sorbents named “Mycoton” have a fibre
structure consisting of about 70% of chitin, 25% of R-glucans and 5% of melanin located in
the cell walls. The sorbents could be tailor made by attaching selective inorganic ion-
exchangers, e.g. ferrocynides for caesium, impregnated KMnO, for strontium and even
making them ferromagnetic for effective separation by magnetic methods.



Radioactive wastes being stored for a long time quite often have radionuclides in
colloidal form e.g. cobalt and plutonium in alkaline waste. Neither ion exchangers nor
sorbents are capable of providing the required degree of decontamination for such wastes.
These problematic wastes can be treated by novel sorbents having combined absorptive cum
flocculative properties. Mycoton and its various modifications as sorbents with freshly
precipitated water soluble chitozan as a flocculent, have been tested and yielded a very high
degree of decontamination. Such an complementary combination of two natural polymeric
sorbents not only provides a high degree of decontamination but also, very high volume
reduction, since these sorbents are combustible. Both the sorbent and the flocculent could be
produced on an industrial scale. It should be noted that a continuous multistage counter
current absorptive process with centrifugal mixer-settlers is under development for real
industrial application of the proposed technology.

4.1.3. Titanium dioxide based materials with combined photo-catalytic and ion-exchange
properties

This study carried out at the Czech Technical University in Prague included the
development of titanium based materials that exhibit combined properties of photocatalysis
and ion exchange. Photo-catalytic and sorption properties of a series of titanium dioxide
materials were studied in detail. Photocatalytic degradation of organic complexants used in
decontamination solutions including EDTA, oxalic and citric acids are emerging as promising
processes for the plant scale adoption. The application of these materials in a combined
process comprising the removal of organic substances and the separation of radionuclides on
the TiO, photo-catalyst/absorber from liquid radioactive waste was also studied.

The photo-catalytic degradation of complexes using titanium dioxide based sorbents
was quite efficient. Nearly all the organic complexants such as oxalic and citric acids and
EDTA could be effectively degraded. The degradation was more efficient in acidic solutions,
and was very slow in neutral and alkaline pH range. TiO,-M and Degussa P25 samples
displayed the highest activity for catalyzing the photodegradation of organic complexants.

The degradation of organic complexes proceeded in a way rather different from the
degradation of the pure complexants. EDTA complexes were found to be very photostable.
For the citrate and oxalate complexes, acceleration of the degradation in the presence of
Fe(III) ions was observed.

Out of the materials tested, the HTO suspension demonstrated the best sorption
properties. This material alone can be efficiently used to remove metal cations even from
neutral and low-alkaline solutions. Degussa P25 and TiO,-M materials exhibit similar
sorption properties. They are prospective for the removal of metal ions from the alkaline
solutions with pH >~ 9.

4.1.4. Modified mesoporous titanium based materials

Another class of sorbents containing crown-ethers, some tetraazamacrocyclic ligands
as chelating groups and titanium, silica and titanium/silica gel as a matrix have been
synthesized, characterized and studied in the L.V. Pysarzhevsky Institute of Physical
Chemistry of the National Academy of Sciences of Ukraine. Development has been towards
the synthesis of these materials by means of sol-gel methods and their sorption-catalytic
properties have been determined. Some of these sorbents, on account of their mesoporous



properties, can uptake hydrophobic templates such as crown-ethers or macrocyclic ligands
with regulated hydrophobization on their surfaces.

These materials have very good sorption ability towards organic impurities and even
actinides. Few types of catalysts, containing 3d-metal oxides (Cr, Fe, Mn, Mo, V) or their
mixtures and with the combined properties for sorption/catalytic treatment in combination
with magnetic separation methods make them especially versatile for the treatment of
radioactive liquid wastes containing organic impurities and low concentration of actinides.

4.2. Combined single stage processes

Single stage processes combining two or more treatment techniques, that were
developed within the CRP for the treatment of radioactive waste, included electro-sorption,
photo-catalytic oxidation combined in one stage with sorption, and application of multi-layer
sorption processes. In all these cases, different components or principles of waste treatment
are combined in a single treatment unit. A brief description of these processes is presented
below.

4.2.1. Electrosorption

A novel method, combining in a single stage process migration of ions under an
electrical field with simultaneous sorption of radionuclides on a suitable sorbent, was
proposed and tested at the Scientific and Industrial Association “Radon”, Sergiev Posad,
Russian Federation. Conventional sorbents to be used effectively for treatment of liquid
radioactive waste, must be sufficiently strong, have low hydraulic resistance, low adhesion to
suspended and colloidal mixtures, and also a well developed surface for fast internal diffusion
of ions. These requirements explain the fact why most of the sorbents are granular foe use in
packed bed columns. Finely divided or colloidal sorbents, e.g. freshly prepared BaSO., or
sorbents with low mechanical strength cannot be used in current absorption technologies for
liquid waste treatment.

Electrosorption is more flexible regarding the properties of the sorbents since this
method does not require filtration of the solution through a sorbent layer and does not even
need a direct contact between the sorbent and the solution. In this technique, the sorbent is
placed between two porous diaphragms, which could be microfiltration or ultrafiltration
membranes. The waste solutions are made to contact their outer surfaces and under the
influence of the electrical field, the ions migrate and are picked up on the sorbent without the
liquid passing through the sorbent. Thus in this arrangement, even finely divided sorbents can
be used for the treatment of radioactive waste.

Model experiments were performed for the effective removal of *’Cs, *°Sr + *°Y, and
8U0,*" with simulated solutions using different sorbents of varied sizes, ranging from
granules to freshly prepared precipitates. The sorbents tested included nickel ferrocyanide,
precipitated on the silica gel ("Fenix-A"), natural bentonite clay, chitin-chitosan biosorbents,
standard anion and cation exchange resins, freshly prepared barium sulfate precipitate, etc.

The kinetics of the process were shown to depend significantly on the sorbent type and
not on the particle size of the sorbent. Very high extraction of uranium ions from the solution
was observed. The efficiency of electrosorption can be compared to the batch regime of
conventional sorption.



For the practical application of the process, a multi-chamber or labyrinth type device is
proposed. In these modules, the degree of extraction can be increased considerably by
increasing the number of sorbent compartments, and/or by increasing the density of electrical
current. Using the electrosorption technique with ceramic membranes in combination with
selective sorbents, certain radioactive waste streams of intermediate or high level could be
very effectively treated.

4.2.2. Photocatalytic degradation of organic complexants with sorption of the released
metal ions on the TiO; photocatalyst/absorber

For the treatment of radioactive waste with organic complexants, such as
decontamination solutions, ion exchangers, composite absorbers, etc are usually not effective.
The photocatalytic degradation process, using titanium dioxide photocatalyst/absorbers, was
studied at the Czech Technical University in Prague, Czech Republic. This combined process
was tested for the removal of organic complexants and/or separation of radionuclides from
spent decontamination solutions. The study was performed with both simulated and real liquid
waste from NPPs in the Czech and Slovak Republics. These wastes were acidic spent
decontamination solution from the second stage of the AP-CITROX decontamination process
and liquid waste from electrochemical decontamination.

The process development was based on the results of the general study of the properties
of titanium dioxide photocatalyst/absorbers. The optimum degradation of organics was
achieved under the combined action of titanium dioxide photocatalyst and hydrogen peroxide.

From the results obtained, it was inferred that a single-step process, combining
photocatalytic degradation of organic complexants with sorption of the released metal ions on
the TiO, photo-catalyst/absorber, is a possible option for treatment of certain liquid
radioactive waste. However, the photo-catalytic degradation is effective in the acidic pH
range, only, while the sorption of the radionuclides proceeds only in the alkaline pH range.

Thus, for the process to be effective, the photo-degradation step has to be carried out in
acidic solution and it has to be followed by pH adjustment to alkaline range, in order to
improve conditions of the radionuclides sorption on the titanium dioxide materials. However,
decreasing the activity of the waste below the free discharge limit in such a process would
probably be difficult to achieve.

4.2.3. A multilayer adsorption/ion-exchange column for the treatment of liquid
decontamination waste

Decontamination of reactor primary circuit equipment (main circulating pumps, steam
generators, pipelines, etc.) using AP-CITROX and LOMI processes generates waste that, in
addition to the radionuclides, contain sodium hydroxide and potassium permanganate, or citric
and oxalic acids. The decontamination solutions (especially the alkaline oxidative one) may
also contain several undesired organic compounds (oils, fats, detergents etc.), solid grains and
colloid impurities that can carriers of radioactive nuclides. A usual practice for the processing
of such a waste at nuclear power plants is evaporation followed by solidification of the
evaporator concentrate by cementation, bituminization or vitrification. Presence of organics
can limit the overall volume reduction reached during evaporation.

As an alternative to evaporation, studies were carried out by joint efforts of the Nuclear
Power Plant Paks and University of Veszprém, Hungary, employing a new combined



approach using adsorption with ion exchange in a multilayer column. Active carbon, cation
exchange resins in Fe(Il) or H' forms, and anion exchange resin in the OH™ form were used as
adsorbers or ion-exchangers, respectively. In addition to these materials, active carbon
impregnated with potassium copper ferrocyanide was tested for treatment of the LOMI waste.

After treatment of nearly 173 L of alkaline oxidative waste in a four layer column at a
flow rate of 100400 mL/min and at the temperature of 95°C, the total decontamination factor
for **Mn + ®Co + """™Ag was about 1000. The respective volume reduction factor was nearly
40 with respect to the activated carbon column. For the treatment of the acidic reductive
waste, a three-layer column was used. After the treatment of nearly 227 L of the waste at a
flow rate of 200 mL/min and temperature of 90°C, the total decontamination factor for >*Mn +
Co + """™Ag was around 900. The respective volume reduction factor was 450 with respect
to the cation exchanger column.

From the results of these experiments, it can be concluded that the combination of
adsorption and ion-exchange processes in a multilayer column can result in very favourable
DF and VRF values for the treatment of spent AP-CITROX solutions. However for the LOMI
process waste, EDTA degradation/removal would be required to improve the efficiency of the
decontamination. The process has been scaled up and a mobile treatment unit was
commissioned and is available for in situ AP-CITROX decontamination waste treatment at
Nuclear Power Plant Paks, Hungary.

4.3. Combined multi stage processes

Combined multi-stage processes developed within the CRP dealt with different options
for the treatment of liquid radioactive waste with varied nature and composition. The wide
representation of such processes and their applications for treatment of real operational waste
with complex composition suggests a high potential for their full scale application. In most
cases, studies were devoted to improving the efficiency of treatment of “problematic”
radioactive waste with complex compositions, which could not be effectively addressed by
relatively simple or one-stage processes. In particular, low and intermediate level waste from
reprocessing of spent fuel, secondary liquid waste from chemical decontamination processes,
organic radioactive sludges and spent ion exchange resins, boric acid containing waste from
PWR operation, etc., are candidates for treatment using combined multi stage processes.
Combined multi-stage processes with carefully selected process components and sequences
allow substantial improvement both with respect to the efficiency of waste treatment and its
costs. A brief summary of multi-stage waste treatment processes studied in the frame of the
CRP is provided below.

4.3.1. Treatment of boric acid waste from PWR operation

Liquid wastes from a pressurised water reactor PWR primary circuit consists of boric
acid solutions. In direct evaporation treatment, the volume reduction is limited by the boron
concentration. Therefore, separation of boric acid can considerably reduce the volume of
radioactive waste from these reactors. A technically simple and economically viable method
for separating boric acid by volatilization during evaporation was developed and tested at
SCK+CEN, Mol, Belgium.

In this method, the liquid waste is evaporated in a semicontinuous mode with no reflux,
at pH below 8, and at elevated temperature and pressure. After an initial period, all boric acid
that comes in with the feed leaves the evaporator in the gaseous phase. The non-volatile



chemical and radiochemical impurities, on the other hand, remain quantitatively in the
evaporator. The steam loaded with boric acid can be fed to a column for fractional
condensation with partial reflux. Here, the boric acid is concentrated in the re-boiler. This
simple all-in-one process splits the incoming wastewater stream into three streams: an active
waste concentrate, a concentrated boric acid solution and a highly decontaminated effluent.

This process has been tested in a small pilot set up with actual liquid waste at Nuclear
Power Plant Doel, Belgium. The installation performed as theoretically expected, giving a
boric acid distribution coefficient of about 0.007 at 180°C. The main results of this
demonstration experiment showed that the waste volume reduction factor was more than
double the current evaporation practice, 80% of the boron was recovered and high DF
obtained. The separation of boric acid from liquid radioactive waste appears advantageous
when release of the purified effluents with residual boric acid content is not permitted.

In addition, an option for boric acid separation from the non-alkaline dried concentrates
was also developed and tested at SCK*CEN. The boric acid concentrates are brought into
contact with superheated steam to volatilise the boric acid. By using superheated steam, one
can work at a higher temperature without the necessity of using a high steam pressure, and
more boric acid can be volatilised with less steam. The boron-free concentrates leave the
contactor for further conditioning, whereas the steam loaded with boric acid can be condensed
(once-through) or cooled down to a temperature just above its dew point (closed circuit). The
steam can be reused after re-heating it to the working temperature. Good results with
simulated evaporator concentrates were obtained. During a first 5-h run with dried simulated
concentrate, nearly 14.5 kg of boric acid were separated with an average of 26.1 kg steam per
kg boric acid.

4.3.2. Treatment of tritiated organic solvent

A combined method was developed at SCK*CEN for the treatment of tritiated organic
solvents. The combined treatment method considered thermal oxidation followed by catalytic
oxidation of the organics and subsequent sorption of the produced tritiated water onto
molecular sieves. Thermal oxidation allows direct injection of the liquid solvent and its
oxidation in relatively compact equipment, whereas the catalytic step assures a very high
conversion. Condensation and adsorption on molecular sieves can easily and quantitatively
trap the tritiated water.

The heart of the installation is a prototype two-stage combuster with effective means of
trapping the produced tritiated water. Solvent is atomised into a heated cavity through an
injector with excess oxygen. Oxidation products and excess oxygen are passed over heated
platinized alumina. The gases coming from the furnace are free of solvent and contain mainly
excess oxygen, carbon dioxide and water vapour. These gases are led through two condensers
to remove the bulk of the water present in the gas. The water is collected in a tank. The
remaining gas is then led over a molecular sieve bed to remove the residual water.

The cold tests demonstrated destruction efficiency higher than 99.999%, for
compositions from 10% methanol in water to 100% methanol. Presence of 13% of chloroform
in the methanol did not degrade the destruction efficiency.
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4.3.3. Combined sorption/membrane filtration or sorption/centrifugation for colloid-
containing waste streams

Optimization of combined sorption / membrane filtration or sorption / centrifugation
processes for liquid waste treatment was studied at the Institute of Radioecological Problems,
Belorussian Academy of Sciences, Minsk. These techniques are effective for waste solutions
having activity in the colloidal form. In certain decontamination solutions, a significant part of
the activity may be due to the iron and chromium radionuclides present at micro- or macro-
concentrations. For micro-concentrations, semi-permeable membranes could remove these
colloidal particles only after the formation of pseudocolloids, that starts at a pH of 4-5. In
these conditions, nearly 99.9% of the activity could be removed. For the same solutions, only
80% of these radionuclides could be removed by centrifugation.

Further decontamination could be achieved by acidification of the solution down to
pH 1.5-2.0, where pseudocolloids are rapidly destroyed and the resulting hydroxocomplexes
of Fe(Ill) and Cr(Ill) can be removed by sorption due to their high sorption affinity. Thus, a
combination of membrane filtration at pH higher than 4.0 followed by acidification and
sorption on silica gel provides the necessary decontamination factor of the order of 10°.

In the presence of complexing anions in waste solutions, the initiation of pseudocolloid
formation is shifted into a range of higher pH. In this case, there are two options for removal
of Fe(Il) and Cr(IIl) from the solution. The first one is to carry out the treatment at the higher
pH, where the formation of Fe(Ill) pseudocolloids will proceed (from pH 8.0 onwards). The
decontamination factor of about 10° can be attained in this case by membrane filtration.
Alternatively, partial destruction of the complexing anions by one of the oxidizing methods
can bring down their concentration, so the pseudocolloid formation starts at much lower pH
range.

In case of Fe(Ill) and Cr(IIl) radionuclides present at macro concentration (higher than
10° mol/L), the formation of pseudocolloids cannot proceed. The ability of these
radionuclides to form mono-nuclear, poly-nuclear and other hydroxocomplexes can be used
for their removal. It should be noted that the concentration threshold for polymerisation of
hydrolysed cations is 10°~107° mol/L and the limiting factor for solution decontamination at
the stage of hydroxide precipitation is determined not by the hydroxide solubility from the
solubility product point of view, but by the possibility of the polymerisation process to
proceed.

Sorption/membrane filtration or sorption/centrifugation are combined treatment
methods that can be applied to waste solutions where concentrations of Fe(Ill) and Cr(III) are
very low and at the same time high decontamination factors are required.

4.3.4. Combination of sorption and precipitation for treatment of liquid radioactive waste

This study was performed at the Institute for Nuclear Research and Nuclear Energy of
the Bulgarian Academy of Sciences, Sofia, for development of a combined method for
treatment of liquid radioactive waste at the Novi Han Radioactive Waste Repository.

The method developed consists of combination of two main processes — sorption of
radionuclides on a natural inorganic sorbent and precipitation of suspended solids and
radionuclides. If necessary, additional separation of surfactants on a modified sorbent is
considered. Two waste streams were studied — low saline liquid waste from upgrading of Novi
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Han Repository, and higher saline decontamination solution that will be generated in future
new facilities. The key target radionuclides were "*’Cs, *°Sr and *Co.

In the sorption step optimisation properties of a series of natural zeolites from
North-East Rhodope Mountains in Bulgaria were studied. The materials were compared on
the basis of their ion-exchange capacities, distribution coefficients, sorption isotherms and
kinetics of ion-exchange in model solutions. Although the distribution coefficients for *’Cs
are higher on mordenite than on clinoptilolite, for the rest of the radionuclides, as °°Sr or *’Co
that may occur in the real waste, the distribution coefficients are considerably higher on
clinoptilolite. Clinoptilolite is also characterised with faster sorption kinetics. For these
reasons clinoptilolite from the Beli Plast deposit has been selected as a sorbent for treatment
of liquid waste.

A detailed study of the properties of the selected sorbents has shown that clinoptilolite
has high sorption capability for many radionuclides, typically present in radioactive wastes —
13 7Cs, 9OSr, 60C0, 110mAg, 226Ra, 33Ba. The thermodynamic data has shown that clinoptilolite
has high selectivity for Cs, Rb, Ag, Pb, Sr and Ba over Na, Ca and Mg.

The distribution coefficients range from 10 to 10* ml/g depending on the radionuclide
and the composition of the liquid waste. Sorption of the radionuclides of concern (**’Cs, *°Sr
and ®°Co) may be further improved by converting the natural clinoptilolite into sodium form.
The sorption kinetics were rather slow, the diffusion coefficients being 8.9-10"" cm*s™ for
B7Cs and 8.2:10"% em*s™ for *°Sr for the clinoptilolite in sodium form. Hence, low flow rates
are required in column application of the clinoptilolite.

In the precipitation step optimisation part of the study, several precipitation processes
were compared. Based on this comparison, mixed hydroxide — calcium phosphate
precipitation was selected as a basic precipitation process applicable for precipitation of
radionuclides and flocculation of suspended solids. High decontamination factors for *°Co,
7n, **Mn and '**Ce were obtained for both the model low saline and higher saline waste
solutions.

In the detergent separation optimisation part of the study, modified kizelgur sorbent with
specific surface area of 22 m*.g”' was found to be efficient for the detergents separation, and
consequently for increasing the efficiency of other methods in the combined processes.

The developed combined process was tested with the real liquid waste from the research
reactor IRT-2000 and the liquid waste from the upgrading of Novi Han repository (both of the
low saline, low active waste type). The volume reduction factor of 400 was achieved. The
treated effluents fully met the national regulatory criteria for release to the environment — both
the radiological standards for drinking water and the environmental protection regulation
(gross beta activity bellow 0.750 Bqg/L). As a practical output of this research, a mobile
installation for treatment of liquid waste from upgrading of Novi Han Repository was
designed and is under construction.

4.3.5. Multi-stage sorption/floculation—ultrafiltration—sorption process for liquid
radioactive wastetreatment

The aim of the study performed at the China Institute of Atomic Energy (CIAE),
Beijing, was to evaluate the potential of a three-stage process for treatment of liquid
radioactive waste. The process consists of sorption onto various natural or synthetic sorbents
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with flocculation/ precipitation as the first stage, followed by ultrafiltration, in the second
stage and sorption of radionuclides onto natural sorbents as the last stage. These processes
have been considered more efficient and cheaper compared to the existing three-stage process,
which includes precipitation, evaporation and ion exchange. The study was performed with
both simulated and real liquid waste (pH ~ 7-9; total salt content ~ 5 g/L; hardness ~ 4 mg/L;
specific activity 10° — 10* Bg/L).

In the sorption/flocculation step, precipitation using conventional flocculants (FeSQOy,
KMnOys, or Na;PO4) was combined with sorption on the suspended, highly selective sorption
materials comprising of natural zeolite, natural manganese ores, cadmium hexacyonoferrate,
etc. The results obtained for the zeolites revealed that the DF and Kp values increase with the
reduction of their particle size down to ~ 100 mesh. For lower grain sizes these parameters do
not depend on the particle size.

For ultrafiltration step, main attention was paid to membrane maintenance. Two
approaches to operating the membranes were compared. The "interval cleaning” method of
operation consisted of backwashing the clogged membrane followed by renewed filtration
through the same side of the membrane as in the first cycle. No significant difference among
their performance was found. In the "alternating inlet” method of operation, the in- and
outlets of the filtration unit were exchanged vice versa after backwashing the clogged
membrane.

From the results obtained, it could be concluded that for all the natural materials, the
sorption kinetics of B7Cs was low. However, conversion of the materials to NH4", Na*, H,
Ca”", or AI’" forms was found to influence significantly the distribution coefficients of '*’Cs.

The complete four-step three-stage method developed was tested in a hot experiment
with real CIAE radioactive liquid waste stream on 2 1 batch scale. For the treatment, pH of
samples was adjusted to 7.0-8.0, then 5 g of the ZT-4 zeolite in NH;  form was added (80—
160 mesh). After mixing, the flocculant was added. After 24 hours of standing, phase
separation was performed by ultrafiltration and the permeate was passed through a zeolite
ion-ex::hange column. The overall decontamination factor for the whole process was nearly
7.5-10".

4.3.6. Photocatalytic degradation of organic complexants combined with subsequent
treatment of the solution by sorption on optimised absorbers

Potential of a two-step process, combining photocatalytic degradation of organic
complexants combined with subsequent treatment of the filtrated solution by sorption on
optimised PAN-based composite absorbers, was investigated in detail for the removal of
organic complexants and/or separation of radionuclides from spent decontamination solutions.
The study was performed at the Czech Technical University in Prague, with both simulated
and real liquid waste from NPPs in the Czech and Slovak Republics.

A detailed study of options for the separation of radionuclides onto a series of inorganic
ion-exchangers, composite absorbers, or cation exchange resins was carried out. Optimisation
of the process parameters lead to the conclusion that a two-step process combining
photocatalytic degradation of organic complexants and subsequent treatment of the filtered
solution by sorption on optimised absorbers offers a prospective option for the treatment of
spent decontamination solutions that contain organic complexants. It was found that
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separation of the radionuclides released from the organic complexes onto organic resins is
preferable to the application of selective inorganic-organic absorbers.

The process was successfully verified on a bench scale with the real waste from
electrochemical decontamination of the primary circuit internals in the Jaslovske Bohunice
NPP (Slovakia). Attention should be paid to the spent photocatalyst that would represent an
additional secondary radioactive waste stream.

4.3.7. Combined processes for management of organic wastes

As is the case with aqueous radioactive waste, organic waste also more often require
combination of processes for their treatment. Combined processes for management of organic
wastes was developed at Bhabha Atomic Research Center, Mumbai, India. Appropriate choice
of the processes and their combination have yielded significant reduction not only in the waste
volumes but have also reduced the organic content for final disposal/discharge.

For spent solvent of reprocessing origins, chemical destruction using 'Alkaline
hydrolysis' has not only resulted in the conversion of Tributylephosphate (TBP) into aqueous
soluble salt of dibutyle phosphate as a reaction products, but also lead to the recovery and
recycle of the diluent, n-dodecane, practically free of TBP and radioactivity. During alkaline
hydrolysis of TBP in n-dodecane, the diluent does not take part in the reaction and separates
out as top phase in the product mixture. The products of the reaction get separated out of the
dodecane phase rendering it free of TBP. The degradation products of TBP are converted to
their respective sodium salts and get into the aqueous phase along with nearly all the
radioactivity associated with these degradation products. A very small amount of activity is
associated with the diluent degradation products. Runs with the radioactive plant samples
having activity in the range of 740—1200 Bg/mL gross alpha and 28,000-37,000 Bg/mL gross
beta, gave quantitative recovery of the diluent practically free of activity (residual activity 2—3
Bg/mL for gross alpha and 10—12 Bg/mL for gross beta/gamma). The diluent was free of TBP
and of recycleable quality.

Combination of advanced oxidation methods appear to be a prudent choice also for the
management of organic waste streams like spent ion exchange resins and organic complexing
agents used for decontamination purposes. Organic ion exchange resins in the bead form are
highly resilient to mineralization by direct oxidation. For these resins, combination of
processes involving catalytic wet oxidation for initial solubilization of these resin into
aqueous media, followed by complete mineralization using photo-Fenton reactions are very
effective. This combined two-stage process not only results in substantial reduction of the
oxidant consumed but also in the reduction of the secondary waste volumes generated.
Aqueous media after resins solubilization is amenable to decontamination by conventional
methods such as chemical precipitation and the resulting precipitates (sludges) can be
immobilised directly into cement. Decontamination using chemical precipitation for the
solubilized resins gave high DF values for radionuclides such as '*’Cs and ®*Co (DF = 60 000,
DF =29 500 respectively).

The organic containing supernatant, lean in radioactivity, can be subjected to photo-
Fenton destruction for organics and discharged as low level aqueous radioactive wastes.

14



4.3.8. Development of the combined waste treatment system for NPP operational waste

In the Nuclear Environment Technology Institute, Daejon, Republic of Korea, a
combined process for treatment of liquid radioactive waste generated from nuclear power
plants as an alternative to evaporation process has been proposed. Chemicals and impurities
contained in liquid radioactive waste cause problems such as corrosion, scaling, and foaming
during evaporation. These problems markedly decrease the quality of decontamination, reduce
the evaporator life, and increase the maintenance cost. Ion exchange method is regarded as a
substitute for the evaporation method. Despite the successful application of the organic ion
exchanger with regard to waste volume reduction, their costs and personnel radiation exposure
need to be considered.

The combined technology, designed to improve the efficiency of the existing system for
liquid waste processing, consisted of fibre filtration (FF), ultrafiltration (UF), reverse osmosis
(RO), and selective ion exchange resin (SIES) modules operated sequentially. Fibre filter was
employed for effective removal of organics and total suspended solids prior to reverse
osmosis. RO unit focused on radionuclide removal and boron permeation. Selective ion
exchange beds were employed for the removal of Cs permeated in RO membrane units. Based
on the pilot runs with the actual waste, the decontamination factor (DF) of about 5000 was
achieved.

The laundry radioactive waste, generated from the washing of the contaminated
protection cloths and showers contain large volume of detergents and sometimes, their
radioactivity is higher than the limits for free release to the environment. The combined
process not only addresses removal of the radionuclides such as cobalt or caesium, but also
the destruction of organics in these wastes.

The photo degradation unit had a 3 kW UV lamp (180~400 nm wavelength). With
1000 ppm of H,0, injection, more than 85% of TOC was removed from the laundry wastes.
Cobalt and caesium rejection rates were more effective with Polyamide membrane rather than
with the Cellulose Acetate (CA) one. However, boron permeation rate was more higher with
the CA membrane. The radionuclide rejection rate of UF unit increased with increasing flow
rate. The rejection rates of Co, Cs, and surfactants was maximum at a pH of 9, while for boron
permeation rate good result were shown at pH 4. In the demonstration test with radioactive
waste, the activity of permeate was below the lower limit of detection. Decontamination factor
obtained was about 5000 for the radioactive laundry waste having original activity of
8.199 x 10™* uCi/mL.

4.3.9. Treatment of aqueous radioactive waste containing uranium, thorium and radium
radionuclides by chemical precipitation and Laterite soil sorbent

Decontamination of aqueous waste stream containing >°Th, **U and **°Ra by
combined treatment employing chemical precipitation followed by sorption on natural soil
(Laterite ) were investigated at the Malaysian Institute for Nuclear Technology Research
(MINT). High concentration of goethite, pH in the range of 3.79-3.91 and kaolinite clay
present in these soils contributed to the adsorption of thorium and uranium on to these soils.
Chemical precipitation treatment removed nearly all uranium, thorium and radium from these
waste streams at an optimum pH of 9.9 and final polishing through the soil ensured that the
effluents are below dischargeable limits. Decontamination Factors (DF) achieved in the
treatment process were 391, 234 and 80, for radium, thorium and uranium respectively. At pH
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of 9.9, thorium hydroxide (Th(OH),’) species were dominant as precipitate. Radium also
precipitated as radium sulphate. Uranium in hexavalent state dominated the solution.

Supernatant from the chemical treatment was adjusted to pH of 4.0 and subjected to
sorption by passing these effluents through the soil column. It was observed that the
adsorption capacity of the Laterite soil for radium was as high as 0.20 uCi/g. The effluents
after the sorption showed concentration of these radionuclides below detection limits. In the
pilot scale treatment, the waste quality parameters after this combined treatment fulfilled the
requirements set by the national regulatory authority for their release. Role of pH was most
important for the effective treatment using this combined process. The effluent radioactivity
was less than 37 kBg/L, the authorized release limit set by the national regulatory authority for
the release in the nearby river.

5. CONCLUSIONS

The research performed in the frame of the CRP addressed a rather new approach of
adopting combined processes for treatment of liquid radioactive waste. This approach covered
broad areas both in terms of materials, technologies and processes studied and included a wide
spectrum of liquid radioactive waste investigated. The application of materials with combined
properties as well as the application of combined processes themselves allows effective
treatment of wastes of a complex chemical nature, which are otherwise difficult to treat by
traditional or conventional processes and techniques. The areas of investigation included:

—  Aqueous waste streams with the various salt contents (from low salt solutions to high
salt content evaporator concentrates), aqueous wastes with the various organic
components (from liquors containing organic impurities to pure organic solvents of
reprocessing origin), radioactive waste with radionuclides in the form of different
complexity (colloids, complexes of different compositions, etc.);

—  Liquid waste with wide ranges of the target radionuclides, extending from some
TENORM radionuclides (uranium, thorium, radium), through complex fission products
mixtures (Cs, Sr, Co, etc.) and all the way to alpha bearing liquid waste;

—  Development, study and application of different waste treatment methods, materials and
their combinations (from conceptual ideas, through validation of particular techniques,
to pilot demonstration of the new processes);

—  With respect to the direct applicability of the results obtained, the research was extended
from more or less academic studies (e.g. the speciation studies) to hot pilot plant
demonstrations with hundreds or even thousands of cubic meters of real radioactive
waste treated.

Based on the results obtained in the frame of the CRP and their discussion, three main
areas related to the application of combined processes for treatment of liquid radioactive
waste have been identified:

—  Application of materials/sorbents with combined properties,

—  Application of single stage processes incorporating multiple treatment techniques.

—  Development and application of combined multi-stage treatment processes with
interrelated sequential waste treatment steps.

Several materials with combined properties have been identified and characterized in the
frame of the CRP. The manufacture of some of these materials has reached the industrial
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scale. The examples of such materials could be titanium dioxide and chitin-based biosorbent.
These materials have been tested for the treatment of real radioactive waste. The modification
of certain sorbents by incorporating particular active groups or ligands have made them highly
specific for sorption of radionuclides even in the presence of many interfering salts and
organic complexes. Certain materials have been specifically tailored to address the low
concentrations of long lived radionuclides generally present in reprocessing waste. In general,
the development, synthesis, and characterization of these materials have reached the level of
maturity for commercial application.

Combined single stage processes incorporating several techniques or principles are
attractive since these can in some cases exploit the versatile properties of novel materials in
addition to superimposing the advantages of other treatment techniques. For example, in
electrosorption, ultra, nano and even ceramic membranes can be used in conjunction with the
novel sorbents. This combined single stage technique can address the treatment of a wide
variety of waste having radioactivity even in the colloidal form. Another example of a
combined single stage treatment process is photo catalytic destruction of organics and sorption
of radionuclides in one single vessel. In this case titanium dioxide used as a catalyst for the
destruction of organics in the aqueous waste is also a good sorbent for radionuclides.

Combined multi-stage processes with careful selection of treatment stages and their
sequences allow substantial improvement of waste processing systems. Depending on the
design objectives such combined processes could substantially improve efficiency and
effective implementation of waste treatment with respect to volume reduction, quality of final
waste product, requirements for disposal, and general waste management cost. The
qualitatively new approach to the problem should be emphasised in this case. When
considering or developing combined multi-stage processes for treatment of specific waste
stream, right from the early design stages, all the modules that are combined should be
considered and evaluated as components of a single system and their interactions and
interrelations should be streamlined for optimised performance of the system as a whole.

Detailed information on the results of investigations can be found in the individual
reports of the CRP participants which follow this conclusion section.
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SELECTION OF OPTIMAL CONDITIONS FOR THE REMOVAL OF
RADIONUCLIDES FROM WASTE SOLUTIONS BY A COMBINATION OF TWO
METHODS: SORPTION AND MEMBRANE FILTRATION OR SORPTION AND
CENTRIFUGATION

YU.P. DAVYDOV, V.M. EFREMENKOV, D.YU. DAVYDOV, I.G. TOROPOV,
L.M. ZEMSKOVA, V.V. TOROPOVA

Institute of Radioecological Problems, Belorussian Academy of Sciences,

Minsk, Belarus

Abstract. A series of physico-chemical methods have been employed to examine the speciation of Fe
and Cr radionuclides in aqueous solution over the pH range 1-12. The results show that Fe(111) and
Cr(111) are in the form of pseudocolloids at concentrations less than 10° mol/L and over the pH ranges
3—-12 and 4.5-12 respectively. The effect of complexing ions (oxalate, EDTA, hexametaphosphate)
was found to move the beginning of pseudo complex formation to higher pH values and, at a
concentration of complexing anion higher than 10~ mol/L, no pseudocolloids were formed over the
pH range 1-12. Using the data obtained, it was identifyed the optimal consideration for maximum
removal of a radionuclide by semi-permeable membranes or by centrifugation.

The main scientific direction of our laboratory is the studying of radionuclide forms in
solutions in a wide range of pH 1-12. Particularly detailed investigation on the regularities of
hydrolysis has been carried out for the following cations — Pu(IV) [1-3], U(IV) [4, 5], U(VI)
[6], Zr(IV) [7], Th(IV) [8], Sc(IIT) [9], Y(III) [10, 11]. Over 40 years of the studies convinced
us that the profound knowledge of the state of radionuclides in water solutions can be an
effective basis for development of efficient methods for removal of radionuclides from waste
solutions.

This particular study is dedicated to the selection of optimal conditions for the removal
of radionuclides from liquid radioactive waste by a combination of two methods — sorption
and membrane filtration or sorption and centrifugation. Two radionuclides - Fe(IIl) and Cr(III)
have been selected for the experiments.

Previously the following studies on the speciation of Fe(Ill) and Cr(Ill) in water
solutions have been carried out: investigation of the state of radionuclides at micro
concentrations (less than 10® M) [12, 13]; determination of the cations hydrolysis constants
[14, 15]; determination of conditions of their polynuclear hydroxocomplexes formation;
investigation of the sorption of mononuclear and polynuclear hydroxocomplexes on KU-2
cation exchange resins and silica gel [16—19]; investigation of the effect of complexing anions
on the state of the radionuclides in solution at micro concentration [20]; investigation of the
effect of a series of anions on the hydrolysis of the cations with formation of polynuclear
hydroxocomplexes in solutions [21]; investigation of the effect of oxidisers and reducers on
the hydrolysis of the cations.

The necessary degree of radioactive solution cleaning up depends on the level of its
activity concentration. For example, if the initial radionuclide concentration is about 10~ Ci/L
(3.710° Bg/L) the necessary decontamination factor should be approximately 10* since the
discharge level is 10” Ci/L (37 Bq/L). It is not always possible to achieve the decontamination
factor of that order of magnitude by applying one method only. Most often a combination of
different methods is needed.

Two principally different cases can be distinguished in the treatment of radioactive
contaminated solutions depending on the concentration of radionuclides. The first one is when
a radionuclide is at micro concentration in solutions. For such solutions, with typical
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radionuclides such as Fe(Ill) and Cr(III), the treatment could be made to form pseudocolloids
in the solution at pH above 3-4 (Fig.1,2). These pseudocolloids can be filtered through a
semi-permiable membrane and nearly 99.9% of the activity can be removed. Centrifugation
method allows only 80% removal of these radionuclides for the same solutions. Further
decontamination could be achieved by acidifiaction of the solution down to pH1.5 — 2.0 where
pseudocolloids are rapidly destroyed and sorption activity of Fe(Ill) as hydroxocomplexes is
achieved. The coefficient for their sorption on sorbents like silica gel is about 10°. Thus, a
combination of two methods viz: membrane filtration at pH higher than 4.0 and, then,
acidification and sorption on silica gel provides the necessary decontamination factor of the
order of 10°.
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FIG. 1. 1 — ultrafiltration of Fe(Ill) solution; 2 — adsorption of Fe(lll) on the surface of glass; 3 —
adsorption of Fe(lll) on silica gel from equilibrated solution.

%

FIG. 2. 1 — dialysis of Cr(Ill) solution, 2 — centrifugation of Cr(lll); 3 — adsorption of Cr(Ill) on the
glass surface. Cr(IIl) concentration — 10° M.

22



The data presented in Fig.1 show that introduction of an absorber (silica gel) in the
solution does not result in any additional decontamination of the solution. At the same time,
further removal of the radionuclides from the solution can be achieved in a simple way —
acidifiaction of the solution down to pH1.5 — 2.0. Pseudocolloids are rapidly destroyed under
these conditions, and sorption activity of Fe(Ill) hydroxocomplexes could be very high. For
example, the coefficient for their sorption on silica gel is about 10%. Thus, a combination of
two methods — membrane filtration at pH higher than 4.0 and, then, acidification and sorption
on silica gel — provides decontamination factor 10°.

In the presence of complexing anions in the waste solution, the initiation of
pseudocolloids formation shifts in a range of higher pH (Fig. 3, 4). For instance, at the
concentration of oxalate-anion in this solution nearly 2.510" M, the formation of
pseudocolloids for Fe(Il) does not proceed at all over the entire range of pH.

In that case, there are two options for the removal of Fe(Ill) and Cr(IIl) radionuclides
from the waste solution. The first one is to carry out the treatment at a higher pH. For
example, if the concentration of oxalate-anion in the solution is less than 1107 M, the
formation of Fe(Ill) pseudocolloids will proceed from pH 8.0 onwards, and the
decontamination factor of about 10° can be attained by membrane filtration. Alternatively,
partial destruction of complexing anion by one of the oxidizing methods (ozonation, reagent
oxidation etc.) could bring down the concentration of the interferring oxalate anions much
lower so as not be interferring. The experimental data obtained (Fig. 3, 4) show that
destruction of complexing ligands has not necessarily to be complete. Substantial reduction of
their concentration can be enough.
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FIG. 3. Retention of Fe(IIl) by ultrafiltration in the presence of oxalate anion: 1 —0 M; 2 — 5x107 M;
3-5x10°M; 4-2.5x10" M.
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FIG. 4. Retention of Cr(lll) by ultrafiltration in the presence of oxalate anion: 1 — 0 M;
2-10°M; 3-10° M.

In case of Fe(Ill) and Cr(Ill) radionuclides present in macro concentration levels
(higher than 10 M) e.g in decontamination solution, the fomation of pseudocolloids cannot
proceed at such high concentration and their form in the solution will be determined by their
ability to form mono-nuclear, poly-nuclear and other hydroxy complexes. These complexes
could be removed by precipitation in a form of hydroxides followed by dialysis.

The high concentration of the radionuclides assumes that their precipitation in a form
of hydroxides could be a possible treatment method. The conditions of Fe(Ill) and Cr(III)
polynuclear hydroxocomplexes formation have been determined in our previous studies [15].
In those studies only the pH and the cation concentration, beginning from which the cation
was predominantly (more than 90%) in a form of polynuclear hydroxocomplexes in solution,
were determined. However, for the removal of radionuclides from the solution it is important
to know exactly the value of their retention by the membrane. In order to achieve this,
additional experiments have been carried out. From the data obtained (Tables I-1V) it follows
that, in the case of Fe(Ill), the decontamination factor was about 2:10°. The same
decontamination factor has also been attained by centrifugation at 6000 rpm for the
precipitation of Fe(Ill) radionuclides. Similar values were also obtained in the case of Cr(III)
(Table III-1V).

An interesting fact is that for pH higher than 5.0, the retention for Fe(IIl) radionuclide
by dialysis does not change in the pH interval 5.0 — 10.0. Thus, the concentration of iron in the
outer compartment of dialyser remains the same at 510" M. This does not conform very well
to the solubility product principles, wherein the product of iron hydrated cation and OH -anion
concen}tgrations must remain constant in equilibrium with iron hydroxide at [Fe*"] [OH] =
3.810™".
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TABLE I. DIALYSIS OF Fe (III) THROUGH A CELLOPHANE MEMBRANE WITH THE
PORES OF DIAMETER 2-4 nm. (Concentration of Fe (III) in the initial solution was 1:107

Mol/L)

pH of solution 3,0 32 3,6 4,0 5,0 7,0 10,0

Concentration of Fe 0,72 0,15 0,05 0,12 0,06 0,05 0,05

(I in the outer 0,68 0,15 0,05 0,10 0,06 005 | 005

compartment of

dialyser, x10* Mol/L 0,72 0,10 0,10 0,10 0,06 0,05 0,05
1 0,52 0,12 0,06 0,05 0,05
2 0,50 0,14 0,05 007 0,045
1 0,52 0,20 0,05 0,05 0,047

Average value of the 1,1+0,4x | 0,32+0,1 | 0,15+0,05x | 0,08+0,02x1 | 0,06 x10" | 0,05x1 | 0,05x1

concentration 10 x10™ 10 0* 4 0* 0*

Decontamination factor 9 30 66 125 170 200 200

(D)

Decontamination factor 5 10 125 200 200 250 250

in the presence of silica

gel in the inner

compartment of

dialyser

TABLE II. PRECIPITATION OF Fe (III) BY CENTRIFUGATION (Concentration of Fe (III)
in the initial solution was 1:10” Mol/L).

pH of solution

3,0

32

3,6

4,0

5,0

7,0

10,0

Concentration of
Fe(III) in solution after
centrifugation, Mol/L

910"

7,410

4,610

2,810

0,310

0,210

0,1'10™

Decontamination factor
(Dy)

1,1

1,5

2,1

3,6

33

50

100

Decontamination factor
in the presence of silica
gel in the solution

2,0

35

10,0

20

15

150

200

TABLE III. DIALYSIS OF Cr (Ill) THROUGH A CELLOPHANE MEMBRANE WITH
THE PORES OF DIAMETER 2—4 nm. (Concentration of Cr (III) in the initial solution was

1107 Mol/L)

pH of solution 5,0 7,0 10,0
Concentration of

Cr(III) in the outer compartment of 710 5,510 410™
dialyser, Mol/L 710 3,210* 2,410
Decontamination factor (Dy) 1,4 2,5 33
Decontamination factor in the presence of 1,4 2,0 30

silica-gel
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TABLE IV. PRECIPITATION OF Cr (II) BY CENTRIFUGATION. (Concentration of Cr
(1) in the initial solution 110 Mol/L).

pH of solution 5,0 7,0 10,0
Concentration of 910 310 0,510
Cr(I1T) in solution after
centrifugation, Mol /L
Decontamination factor (Dy) 1,1 33 20
Decontamination factor in the 33 40 45
presence of silica -gel in
solution

o
I

0.8

0.6

Dialysis coefficient /
Kd / optical dencity

0 T T T T 1
-6.5 -6 -5.5 -5 -4.5 -4
1g[Pu], Mol/L

Fig. 5. 1 — Dialysis of Pu(lV); 2 — Sorption of Pu(lV) on cation exchange resin KU-2; 3 —
Spectrophotometry of Pu(IV) solutions.

Accordingly, the concentration of Fe’*-cation at pH 5.0 must be 3.8'10"7, and it should
decrease with pH increasing. However, the concentration of Fe(Ill) in the outer compartment
of dialyser is a summary value which includes all the soluble hydroxo-forms, apart from
polynuclear hydroxocomplexes.

Specific experiments have been carried out to prove that the polynuclear
hydroxocomplexes cannot penetrate the cellophane membrane used for dialysis. Thus, in the
case of Pu(IV), the conditions (pH and the Pu(IV) concentration) under which plutonium
converts from a mononuclear to a polynuclear form have been determined. From the data
presented in Fig.5 it could be seen that, from the concentration 2'10° M onwards at pH 2.0,
Pu(IV) is retained by a semipermiable membrane due to the formation of binuclear
hydroxocomplex Puy(OH),*™ in the solution. Under the same conditions, the decrease of the
plutonium sorption on cation exchange resins and in optical density of Pu(IV) solution were
observed. This can be explained by the beginning of polymerization process under the
conditions investigated, and as a result decreasing concentration of Pu*"-cation in the solution.
Thus, the results obtained by three independent methods confirm that only mononuclear
hydroxocomplexes Pu(OH),"™ and hydrated cations Pu(H,O)s'" can pass the cellophane
membrane at dialysis.
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So, in the case of iron dialysis, only mononuclear forms can be in the outer
compartment of the dialyser. At the same time, the hydrolysis constants available in the
literature allow for the correct calculation of the first hydroxocomplex Fe(OH)>" only.
Unfortunately, at present there are no reliable data on the stability constants of such
hydroxocomplexes as Fe(OH),™ and Fe(OH):". In this regrard, it seems impossible to calculate
the concentration of every mononuclear hydroxocomplex, and hydrated complex in particular,
in equilibrium with insoluble particles of iron hydroxide.

In Table V the literature data on polymerisation of some metal ions are summarised.

TABLE V. INITIAL CONDITIONS OF METAL-ION POLYNUCLEAR
HYDROXOCOMPLEXES FORMATION IN SOLUTIONS

Metal-ion Concentration of Form of complex
metal-ion, Mol/l
Pu (IV) 107 Pu, (OH),
Fe (III) 107 Fe, (OH),
Sc (III) 107 Sc, (OH)*,
Cr (1) 107 Cr, (OH)*,
Y (IID) 107 Y, (OH)",

From these data it can be concluded that the concentration threshold for
polymerisation of hydrolysed cations is 10 10® M. Hence, the limiting capacity of solution
decontamination at the stage of hydroxides precipitation is determined not by hydroxide
solubility (solubility product principle) but by the possibility of polymerisation process.

Summarising the above, it can be concluded that the decontamination factor 2:107 for
Fe(Ill) and Cr(IIl) at maximum could be obtained by precipitation, and further increase of pH
does not lead to a higher degree of radionuclide removal. At the same time, the
decontamination factor 10°-10* is needed in order to achieve the necessary level of activity
concentration 10® — 10® Ci/L (37- 3.7x10* Bq/L). From the Tables I and III it could be seen
that in the presence of an absorber (silica gel) the decontamination factor for both Fe(Ill) and
Cr(IIl) increases insignificantly. This means that the forms of the radionuclides remaining in
the solution have co-ordination spheres saturated with OH-groups, which cannot be absorbed
by silica gel. However, the previous studies showed the hydroxocomplexes of Fe(Ill) and
Cr(Ill) with lesser quantity of OH-groups in co-ordination sphere of a cation possess an
enhanced sorption capacity with respect to silica gel. From the data presented on Fig.6 it could
be seen that the sorption coefficient sharply increases with the accumulation of Fe(OH)," and
Cr(OH)," hydroxocomplexes in the solution. Furthermore, their sorption proceeds in a
specific way and is not governed by regularities of ion exchange process. Thus, their sorption
on silica gel is not dependent on the concentration of competitive ions. The current study
shows that the increase in the concentrations of inactive electrolytes even increase the sorption
(for added Na®, Ca®" - cations) or have no effect on it (added Al’*-cation) (Fig. 7.). This
confirms that the sorption of Fe(Ill) mononuclear hydroxocomplexes on silica gel is based not
on ion exchange. At the same time, the results of radionuclides sorption on cation exchange
resins KU-2 show (Fig. 8) show that the growth of the Me(OH)*'" hydroxocomplex
concentration in the solution results in the decrease of Fe(Ill) sorption on cation exchange
resins. In this case, a standard ion exchange process takes place in the solution, when, with the
decrease of cation’s charge, its sorption ability decreases.
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FIG. 6. Sorption of Fe(Illl) (1) and Cr(lll) (2) on silica gel . Percent of the first hydroxocomplex in
solution : 1" — Fe(lll); 2’ — Cr(ll).
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FIG. 7. Dependence of Fe(lll) — (1-3) and Cr(lll) (4) on silica gel on concentration of inactive
electrolite in solution. pH = 2.7: 1 — Na':2-Ca®; 3— AP 4— Na*, pH=4,5.
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FIG. 8. Sorption of Fe(Ill) (1) and Cr(IIl) (2) on cation exchange resin KU-2. Persent of Fe’™ (1°) and
Cr’* (2°) cations in solution.

Membrane filtration and sorption or centrifugation and sorption are the combined
treatment methods to address the waste solutions where radionuclide concentrations of Fe(III)
and Cr(Ill) are relatively high and at the same time higher decontaminations are to be
achieved. In such cases as a first stage, neutralisation of these waste solutions up to pH5.0 and
higher will result in formation of hydroxide sediment, colloidal particles and polynuclear
hydroxocomplexes. These can be removed from these waste solution either by membrane
filtration or centrifugation, with maximum decontamination factor of 2:10* achievable The
radionuclides remaining in the solution after precipitation as hydroxides are in a form that can
not be sorbed due to co-ordination saturation of the cations with OH-groups. In order to
effectively apply the method of sorption for the removal of these radionuclides, it is necessary
to acidify these solutions down to pH 3.0 for Fe(IIl) and pH 4.0 for Cr(IIl). These can then be
absorbed on sorbents such as silica gel for their effective removal.
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VOLUME REDUCTION OF LOW LEVEL LIQUID PWR WASTE
TREATMENT OF TRITIATED SOLVENTS

A. BRUGGEMAN, J. BRAET
SCK+CEN, Mol, Belgium

Abstract. In 1989 Belgoprocess, the central radioactive waste processing facility of Belgium, took
over the exploitation and personnel of the former Waste department of the Belgian nuclear research
centre SCK*CEN. Due to the general minimisation of radioactive waste generation during the last
decade, Belgoprocess has now an overcapacity for the treatment of routine waste. One example of
such work is reactor waste minimisation study through volatilisation of boric acid. Another
example is development of method for processing of tritiated liquid organic waste. The report
describes the progress of work on the separation of boric acid and on treatment of tritiated liquid
organic waste.

INTRODUCTION

SCK<CEN participated to the IAEA Research Co-ordination Programme "Combined
Methods of Liquid Radioactive Waste Treatment" with two projects, "Volume Reduction
of Low Level Liquid PWR Waste" and "Treatment of Tritiated Solvents". Liquid wastes
from pressurised water reactors (PWRs and VVERs) primarily consist of boric acid
solutions. Boric acid is used as a soluble neutron poison to suppress and control the nuclear
fission. Although recovery of boric acid from clean effluents is extensively applied in
nuclear power plants, much boric acid still ends up in the normally non-recyclable low
level liquid waste (LLLW), in which it represents the largest constituent besides water. In
most cases these wastes are treated by evaporation, which allows high decontamination
factors for the discharged distillate. Conditioned and non-conditioned boron-containing
evaporator concentrates represent the volumetrically most important fraction of the low
level waste at NPPs. Strict measures to minimise the generation of waste at NPPs are
introduced because of the escalating costs and provisions for waste treatment, storage and
disposal. Substantial reduction of the waste volume and cost is possible by separating boric
acid from the radioactivity before, during or after the LLLW evaporation. Separation of
boric acid will also result in a waste that is less difficult to process and has a better long
term stability [1, 2].

Separation of boric acid from PWR waste can be a very remunerative operation. In
Belgium, for example, the costs associated with conditioning, transport and interim
storage, and the provisions for future disposal of 1 m* of evaporator concentrate have now
increased to about 25,000 EURO. For each kg of boric acid that can be separated, the
concentrate volume can be decreased by 2 dm?. The corresponding decrease of the waste
cost amounts then to 50 EURO per kg separated boric acid. This is more than 50 times the
price of boric acid that has been separated from ore deposits and purified.

SCK-CEN has been developing processes for the separation of boric acid since more
than five years. The key goal of these processes is to achieve higher waste volume
reduction factors in a cost effective way, while maintaining low activity discharge limits.
An additional goal is to obtain purified boric acid for recycling. Recovery and recycling of
boric acid can be necessary for environmental reasons, e.g. when the effluents are
discharged in a river that is also a source of drinking water. Volatilisation of boric acid
during evaporation is a simple but technically and economically viable method for
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separating boric acid and reducing radwaste costs at PWRs [3]. Volatilisation of boric acid
after evaporation, i.e. treatment of evaporator concentrates, is being studied as a valuable
alternative or complement [4].

The second project concerns the treatment of tritiated solvents. A variety of
radioactive waste streams that contain organic materials are in storage and many continue
to be generated. More and more countries require that such mixed waste meets minimum
treatment standards prior to final disposal. Substantial or complete removal of the organic
component of radioactive waste can provide a significant reduction in the volume of
radioactive waste and ensure a safer disposal by the elimination of toxic or flammable
organic components. Furthermore, the compatibility of the treated waste with secondary
conditioning processes (such as cement encapsulation) is likely to be enhanced. In other
cases treatment of the mixed waste is followed by an isotopic separation for recovering and
recycling the concerned radioisotopes. If also economically it can be justified, recycling
appears a preferable solution for this type of waste.

SCK+CEN owns an amount of tritiated liquid organic waste. This waste was
generated by the pharmaceutical industry about 20 years ago. In the available
documentation it has been described as 95% methanol/water and 5% impurities (petroleum
ether, chloroform, and carbon tetrachloride). Small quantities of glycol, formaldehyde and
hydrogen could have been formed over the years by radiolysis of the methanol. Analysis of
the waste was not possible at SCK*CEN or in Belgium. Sampling alone required a
dedicated infrastructure, which was not available at SCK*CEN when this project started.
The total volume was 177.5 litres with a specified total tritium activity of about 16.5 TBq
(recalculated at 31/10/2000). The waste was divided over 70 2.5-litre glass bottles and one
smaller glass bottle. All except two of them were inside 12-litre polyethylene bottles,
which were themselves stored in nine 200-litre drums with one or more additional
overpacks. Five to eight bottles were stored in each drum.

The Belgian government questioned further storage of the waste at SCK*CEN and
forbade massive discharge. NIRAS/ONDRAF asked conversion to tritiated water before
conditioning and storage at Belgoprocess. Our objective was thus an appropriate pre-
treatment of the waste, with negligible risks for the operators or the environment.
Appropriateness meant that we should convert the tritiated organic waste into tritiated
water and carbon dioxide. The tritiated water should be free of organic carbon for final
conditioning and storage and the carbon dioxide should be fully decontaminated for
discharge.

VOLATILISATION OF BORIC ACID DURING EVAPORATION
Distribution coefficient

Boric acid, H3BOs, is a slightly volatile product. It has a certain vapour pressure
(equilibrium pressure) which is higher at a higher temperature. But when heated in the
absence of water, solid H3;BOs; decomposes in HBO, and water. The easiest way to
volatilise boric acid is therefore from boiling aqueous solutions. When boric acid
volatilises from aqueous solutions, the experimental distribution coefficient is defined as
the ratio of the mole fraction of boric acid in the vapour to the mole fraction of boric acid
in the liquid. For practical reasons we use the following approximation:
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weight fraction of boric acid in the vapour

D T)=
o0, (T) weight fraction of boric acid in the liquid

The distribution coefficient D is smaller than one and it increases with increasing
temperature. The volatility is due to the undissociated boric acid, H;BOs. The pH affects
the boric acid dissociation and thus the apparent value of D. According to D. G.
Tskhvirashvili and V.V. Galustashvili [5] the distribution coefficient for boric acid is given

by:

0.9
Dz(&j , where p is the density and the subscripts s and w are steam and water
pM/

respectively.
Separation process

For the separation of boric acid during evaporation, the process resembles very much
the usual evaporation. The LLLW is treated in a semicontinuous evaporator that operates at
a constant inventory, at a pH below 8, at elevated temperature and pressure and without
reflux. After an initial period all boric acid that comes in with the feed leaves the
evaporator in the gaseous phase. The non-volatile chemical and radiochemical impurities,
on the other hand, remain quantitatively in the evaporator and the waste volume reduction
factor is no longer limited by the boron concentration in the evaporator. The steam loaded
with boric acid can be fed to a column for fractional condensation with partial reflux. Here,
the boric acid is concentrated in the reboiler [3, 6].

Without the addition of reagents or the production of secondary waste, this simple
all-in-one process splits the incoming wastewater stream into three streams:
1. an active waste concentrate containing almost all the radioactive and chemical
impurities, together with some boron;
2. a concentrated boric acid solution that can be reused if it is sufficiently pure;
3. an effluent with low boron content and which is highly decontaminated.

Let f be the constant concentration of boric acid in the feed, p in the steam and c in
the liquid inventory V (kg) of the evaporator (all expressed as weight fractions) then the
evolution of ¢ and of the overall fractional boric acid recovery B as a function of time t (h)
can be calculated as follows:

_pE, .
c:i 1_(1_D)eDV and Bl <V
D fFa+fV

Typically, one cycle of the semicontinuous evaporation process has to be stopped as
soon as either the concentration of dry residue in the concentrate or the concentration of
boric acid in the waste exceeds a pre-set limit, for example either 40 wt.% dry residue or
25 wt.% H3;BO3 (43000 ppm B). If the H3;BO; recovery is still low (e.g. below 80 %) and
the H;BO; concentration in the radioactive concentrate is high, then the concentrate can be
kept in the evaporator and the feed can change to water containing no H3BOs. Using the
same symbols as before, and with f = 0 from t = t;, the evolution of ¢ after t=t,; is then

F
. —D-(t—t))
givenby: c=c(t))e
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In theory it is possible to completely remove the boron from the radioactive
concentrate. In practice a compromise will have to be made between the extra energy input
on the one hand and the extra boron recovery on the other hand. It is clear that an extra
boron recovery allows a further reduction of the radioactive waste volume.

Experiments

After promising trials using simulated and real PWR waste at SCK*CEN, the process
has been tested in a small pilot installation and with realistic liquid waste at the nuclear
power plant in Doel, Belgium [6]. Fig. 1 is a schematic representation of the installation.
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FIG. 1. Schematic representation of an installation for the recovery of boric acid by volatilisation
during evaporation (PC: pressure control; LC: level control; pH: pH control; QI: throughput
indication).

The operating pressure of the evaporator was 8 bar. During a first phase, we treated
the available 11,000 kg LLLW. Evaporation of this waste in a stainless steel steam
generator at nearly 180°C produced a boric acid loaded vapour, from which we recovered
the boric acid in an atmospheric glass distillation unit. During a shorter second phase, we
recycled the distillate from the atmospheric unit and used it as feed for the evaporator,
instead of LLLW. At regular times, we sampled and analysed the LLLW feed, the waste
concentrate in the evaporator, the boric acid solution in the reboiler of the atmospheric unit
and the effluent distillate. Figure 2 shows the evolution of the amount of boron in each
stream. The installation performed as theoretically expected for a boric acid distribution
coefficient of about 0.007 at 180°C, which is also close to the value expected according to
reference [5]. After an initial period, the incoming waste stream could be evaporated
without further accumulation of boric acid in the concentrated waste (first phase). Near the
end, recycled distillate allowed for a further reduction in the amount of boric acid in the
concentrated waste (second phase).
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FIG. 2: Separation and recovery of H;BO; during the
evaporation of LLLW (first phase), and the further recovery of
H;BO; from the evaporator concentrate (second phase).

Economic evaluation

The separation of boric acid from LLLW appears advantageous when release of the
LLLW with its boric acid content is not desirable or admitted. The savings will be larger
for LLLW containing a relatively high boric acid concentration and a low concentration of
other impurities. The savings concern the decrease of the waste volume and the recovered
boric acid. The investment and the extra energy determine the extra costs. In most cases
the extra energy costs and the savings on boric acid can be neglected. An important
investment is needed, but when implemented in a new nuclear power plant, only the added
investment cost to a classic evaporation process needs to be considered. Preliminary
calculations were carried out for a hypothetical Belgian nuclear power plant, with
reasonable values for the concerned parameters, such as 9000 m* LLLW per year with 175
ppm B and a total dry residue content of 2 kg per m® [7]. In Fig. 3 the unit cost for

treatment and disposal of
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FIG. 3: Expected profit from the separation of boric acid
by volatilisation during evaporation.
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VOLATILISATION OF BORIC ACID FROM DRIED
EVAPORATOR CONCENTRATES

Volatility of solid boric acid

The latest SCK+*CEN process for the treatment of evaporator concentrates is based on
the volatility of solid boric acid in superheated steam. The volatilisation of solid H;BO;
(ortho boric acid) is complicated by its decomposition to the less volatile HBO, (meta
boric acid). The decomposition temperature depends on the water vapour partial pressure
or the dew point of the gaseous phase [8]. The minimal water pressure pmomin (Pa) at
which boric acid is present as ortho boric acid in the solid phase at a temperature T (K) is
given by:

10 Py iy = 2925~ %

When the water pressure is higher than the one given by the previous equation then
the partial pressure of H3;BO; above the ortho boric acid is given by:

In py g0, =353 - 00 1§oo = 2o 353 11800 1§00 ~Inpy,

Pu,o
Otherwise, when the water pressure is smaller than pio min, Only HBO; will be stable
in the solid phase and the partial pressure of H;BO3 above this meta boric acid is given by:

4490 P 1,0, 4490

Inpy o =6.05+Inp, , - P . =6.05—T
H,0

If (superheated) steam is brought into contact with ortho and/or meta boric acid,
H;BO; will volatilise and the steam will be saturated with boric acid. From the previous
equations the equilibrium ratio of the H3BOj5 partial pressure to the H,O partial pressure of
the steam and thus the theoretical steam consumption can be calculated. With this ratio the
mole fraction of boric acid in the gaseous phase can be calculated, which gives also the
boric acid concentration in the solution after complete condensation of the steam. These
data are summarised in Table 1 for steam with a dew point of 100°C (pg20 = 101325 Pa).

TABLE I. VOLATILISATION OF SOLID BORIC ACID WITH SUPERHEATED STEAM:

temperature PH20,min PH3BO3 Pusso3/ Pmo | kg steam per | ppm B wt.% H3;BO;
(cC) (Pa) (Pa) kg H;BO;

100 15667 39 0.0004 748 234 0.13
110 26126 90 0.0009 328 534 0.30
120 42448 197 0.0019 150 1168 0.67
130 67327 415 0.0041 71.1 2460 1.41
140 104427 818 0.0081 36.1 4848 2.77
150 158647 1058 0.0104 27.9 6268 3.58
160 236409 1352 0.0134 21.8 8008 4.58
170 346002 1708 0.0169 17.3 10118 5.79
180 497957 2136 0.0211 13.8 12653 7.23
190 705468 2645 0.0261 11.2 15671 8.96
200 984846 3247 0.0321 9.10 19235 11.0
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Separation process and first tests

In the proposed process the non-alkaline, dried concentrates are brought into contact
with superheated steam to volatilise the boric acid [4, 9]. By using superheated steam one
can work at a higher temperature without the necessity to use an elevated (steam) pressure,
and more boric acid can be volatilised with less steam. To approach the theoretical
maximum Yyield, it is important to saturate the superheated steam as much as possible with
boric acid and to supply the necessary heat for the volatilisation. Heat and mass transfer
rates can be enhanced by a continuous renewal of the phase boundary layers through
intensive agitation of the solid waste. The boron free concentrates leave the contactor for
further conditioning as waste, whereas the steam loaded with boric acid can be condensed
or cooled down to a temperature just above its dew point.

In a once through version of the process, the steam loaded with boric acid is
condensed and a boric acid solution is obtained with a concentration that can immediately
be derived from pussos / pmeo at the working temperature and dew point of the steam
(Table 1). On the other hand, if the steam is not condensed but cooled down to a
temperature slightly above its dew point, e.g. 110°C for a dew point of 100 °C, practically
all boric acid can be recovered as a solid material. The boric acid is then not only separated
from the less volatile products in the contactor, but also from the more volatile ones in the
desublimer. And the steam can be reused after reheating it to the working temperature.

Bench scale tests with boric acid filled containers through which we passed
superheated steam confirmed the easy volatilisation of solid boric acid, with less than 15
kg steam needed to volatilise 1 kg boric acid. But the efficiency of the process decreased
badly when impurities were added to the boric acid. This was explained by a deterioration
of the contact between steam and boric acid, mainly due to a reaction between boric acid
and the impurities with the formation of a hard borate layer.
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FIG. 4. Experimental set up for the recovery of boric acid from and for separating boric
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installation is schematically shown in Fig. 4.

During a first 5-h run with dried simulated concentrate, 14.5 kg boric acid were
separated with 378.5 kg steam or an average of 26.1 kg steam per kg boric acid [9].
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TREATMENT OF TRITIATED SOLVENTS
Process selection

Since the tritiated solvents stored at SCK*CEN are volatile, highly flammable, toxic
and radioactive, extreme precautions had to be taken to open the drums and to treat the
waste. The Belgian government restricts tritium discharges in the atmosphere, so the
tritiated water had to be recovered from the exhaust stream. To remain under the discharge
limits for tritium a very high trapping efficiency was needed. The oxidation itself had to be
done in a closed and leak tight system to prevent losses of tritium and to minimise the fire
hazard. The conversion of the organic fraction should be high enough and the residual
TOC (Total Organic Carbon) in the final waste low enough, according to the limitations to
be set by ONDRAF/NIRAS. For the safety of the workers and the protection of the
environment the toxicity of methanol and other tritiated compounds, the radiotoxicity of
tritiated water and tritiated solvents, and the flammability of methanol and hydrogen had to
be carefully dealt with.

For the oxidation of the tritiated liquid organic waste several options exist. Catalytic

and thermal oxidation are two well-established technologies for controlling (volatile)
organic compounds in the non-nuclear industry. Other options for the destruction are wet
oxidation based on chemical, electrochemical, biochemical or photochemical principles.
It was our opinion that the wet oxidation techniques were not the most suitable for our
problem, because secondary (mixed) waste might be generated, still extra development
was needed before they could be used on a (semi) industrial scale or a high conversion of
the waste was not assured. On the other hand, catalytic oxidation of volatile organic
compounds is known to allow very high conversions. Operated in the gaseous phase, at
concentrations under the lower explosion limit and at relatively low temperatures, it is also
intrinsically safe. But it requires evaporation of the waste and the use of large gas flows,
which result in a large installation and difficulties for a complete product-water recovery.
We therefore chose a combination: thermal oxidation followed by catalytic oxidation.
Thermal oxidation allows direct injection of the liquid solvent and oxidation of the largest
part of it in a relatively compact installation and with no or limited dilution of the
radioactivity. External cooling and/or co-injection of (tritiated) water can remove the
excess reaction-heat. Catalytic oxidation of the remaining low concentration on solvent
vapour ensures a high conversion to water. Condensation and adsorption on molecular
sieves can easily and quantitatively trap the tritiated water. On a laboratory scale such a
two-stage combustion system had been developed by the R. W. Johnson Pharmaceutical
Research Institute, USA and Ontario Hydro Technologies (OHT), Canada [11, 12]. They
successfully converted tritiated solvents into tritiated water at about 800 °C. The
destruction efficiency was found to be more than 99.999% for a variety of organic
1 substances.
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actual treatment of their content and interim storage of the product-water. Three large
processing cells with bottom and top ventilation are used to separate the different phases of
the treatment to minimise the danger. Figure 5 shows an overview of this infrastructure.
One cell has been equipped for the opening of the drums, the sampling and the transfer of
the liquid into a primary vessel. A second cell houses the oxidation system and its
associated water collection system, whereas the last one is used for the temporary storage
of the tritiated water. When interventions are needed inside a cell, for example during the
opening of the drums and bottles, the worker uses an overpressure suit with separate air
supply. Sparks are prevented and explosion, fire and tritium detectors are placed at several
places.

For the opening of the drums special care has to be taken because the tritium
contamination may have spread over the different barriers, for example due to a damaged
bottle. The work is done by two workers using air-supplied suits inside the cell while a
third is in standby outside the cell. The secondary overpacks are thus removed inside the
cell, but removal of the primary overpacks and opening of the glass bottles is carried out in
an inert atmosphere (helium) glove box, which is also present in the same cell. The glove
box is necessary to separate the solvents (and possibly the hydrogen) from the surrounding
air, because of the flammability, and to protect the workers from the tritiated solvents,
because of the radiotoxicity. The gas inventory of the glove box is fed to the processing
installation to oxidise solvent vapour present in the helium, and to trap the produced
tritiated water, before discharging the off gases to the ventilation. The processing
installation can thus be used for either the treatment of the solvent or the treatment of the
glove box atmosphere.

The heart of the installation is a prototype two-stage combustion installation,
including means for an effective trapping of the produced tritiated water. It has been built
by Ontario Power Technologies, OPT. The main construction material was stainless steel.
Figure 6 provides a cross-section of the oxidation furnace. A 10-cm diameter seamless
Hastelloy 276 tube that is 128 cm long contains the key components of the oxidation
system. Solvent is atomised into a heated cavity through an injector using oxygen as the
propellant.
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FIG. 6. Cross-section of oxidation furnace.

Oxidation products and excess oxygen are re-mixed in an alumina diffuser zone
downstream of the cavity before passing over heated platinized alumina. The furnace is
charged with 2.5 kg of 0.5% platinum on alumina catalyst. The catalyst occupies 2.3 litres.
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The gases leave the furnace via an alumina packed zone and are separated into condensable
and non-condensable streams.

Two sets of heaters are attached to the 6.7-mm thick furnace walls. The furnace
temperatures can be adjusted independently to optimise solvent destruction efficiencies in
each of the two zones. The wall temperature at the entry port is set between 500 and 850
°C while the catalyst temperature is set between 500 and 750 °C. Four thermocouples have
been installed within the furnace to monitor oxidation performance. A nitrogen gas cooling
circuit has been installed under the cavity heater to remove heat of combustion when the
need arises. The oxidation system can be used to treat gas with a composition ranging from
air to pure helium. Either the injected solvent or the glove box atmosphere can be treated in
this furnace.
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lead through two
condensers cooled by separate refrigerated circulators (one at 7°C, the second at 1°C) to
remove the bulk of the water present in the gas. The water is collected in a tank. Small
water droplets are separated in a cooled demister and added to the product water. The
remaining gas is then led over a molecular sieve bed to remove the residual water. Two
molecular sieve beds are operated in parallel, giving the possibility to regenerate one bed
without interrupting the treatment of the waste. The effective operating lifetime of each
molecular sieve bed can be increased without compromising the tritium emission by using
a 'polishing' bed in the exhaust line of the absorption system.

According to the available documentation, 95% of the solvent should be either
methanol or water. Complete oxidation of methanol is in accordance with the following
stoichiometric relation:

CH3OH+%O2 = CO, +2H,0+ Energy

In practice however, this exothermic reaction will require excess oxygen for the
complete oxidation of the methanol. The heat liberated during the oxidation of the
methanol is calculated by means of the HSC software package [13]. At a maximum solvent
flow rate of 2.5 L/h and a 100% excess of oxygen, the liberated heat equals 10.8 kW. At a
moderate solvent rate of 1 L/h Qpeat = 4.3 kKW. Depending on the amount of water present
and/or co-injected, a lower amount of heat is produced. This heat has to be removed from
the furnace. Sensible heat removed from the furnace with the product gas is between 3.12
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kW and 1.25 kW for the respective flow rates, assuming an exhaust gas temperature of
600°C. Consequently the heat losses in the furnace for a 100% methanol feed must be
between 7.68 kW and 3.05 kW, both by natural and forced cooling. The available 12-m*/h
nitrogen cooling around the furnace should remove about 2.5 kW, depending on the
temperature difference of the in and outgoing nitrogen. In the absence of water in the feed,
the maximum workable methanol throughput is limited by the removal of heat from the
furnace. Co-injection of water is a straightforward solution but we try to avoid any
unnecessary tritium dilution that results in an increase of the to-be-conditioned amount of
tritium contaminated water.

For a given tritium release limit and a given throughput, the required minimum
efficiency for the overall tritium trapping, including leak tightness, completeness of the
oxidation and product-water recovery depends on the specific activity of the treated
solvent. Even if we dilute the more active bottles with less active ones in the process
vessel, overall efficiencies up to more than 99.9% are required for a throughput of 1 L/h
and a 100% excess of oxygen. Neglecting all other losses this means that dew points below
— 25°C should be obtained when no water is added. When treating the glove box
atmosphere, dew points as low as — 40°C are required.

To demonstrate the feasibility of the process, a series of cold tests were carried out at
OPT, Canada. After the installation had been transferred to Mol, Belgium, a fully
integrated test at SCK*CEN confirmed the results of the earlier tests as well as the good
operation in combination with the glove box.

During the different tests, the following parameters were varied to study their
influence on the destruction efficiency:
e Temperature of operation
Stoichiometric excess of oxygen
Ratio methanol/water
Presence of chloroform
Flow rate of solvent

The conclusions were as follows:

e The wall temperatures (external heating) are preferably set between 750 and 850°C for
the cavity region and between 650 and 750°C for the catalyst region. The external
nitrogen cooling effectively removes heat. Most of the solvent should be burned in the
cavity, and only residual solvent or small concentrations of solvent vapour from the
glove box should be oxidised in the catalyst region. The temperature in the catalyst
region should not exceed 1000°C.

e A stoichiometric oxygen excess of 50% should be maintained. At lower excess the
combustion is not complete.

e The destruction efficiency is always higher than 99.999%, for compositions from 10%
methanol in water until 100% methanol. 13% chloroform in the methanol did not
degrade the destruction efficiency.

e The processing rate is limited by heat transport considerations rather than by
degradation of the destruction efficiency. Processing rates on the order of 21 g/min (1.6
L/h) methanol are easily attainable and higher processing rates appear feasible
particularly if the feedstock is diluted with water.
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The desire for negligible environmental emission drives the need for efficient
product-water recovery. To confirm that the emission targets are attainable, the molecular
sieve beds were tested under expected operating conditions by injecting water through the
oxidation system and by collecting water during the combustion runs. It was shown that a
dew point of -60°C could be obtained and maintained. Adding a polishing bed in series
allows to avoid possible problems with too early and thus too frequent regenerations in
case of tritium breakthrough at a fraction of the anticipated water loading capacity. Of
course the dew point before the molecular sieve beds should be kept as low as possible.
Together with our general desire to increase the available cooling capacity and for having a
cooling backup, this had been the reason for the addition of a second chiller operating at
1°C instead of 7°C.

First results and adaptation of the installation

Unpacking of the drums and sampling of the content of the 2.5-litre bottles posed no
significant problems. All our solvent analyses confirmed that trittum was the only
radioisotope present, except for very small amounts of "*C (below 0.01% of the tritium
activity). The measured tritium activities for separate bottles corresponded merely
qualitatively with those calculated from the available documentation, but the average
tritium activity was only 10% higher than expected. The measured pH of the solvent was
low, mostly about 1. A few bottles contained some precipitate. About one third of the
bottles contained two liquid phases, indicating the presence of other components besides
completely miscible methanol and water. At Kinectrics (formerly OPT) the organic content
of each phase in each bottle has been measured by gas chromatography. By comparing the
corresponding density for the organic content with the measured density, the water content
could also be estimated. Apparently many bottles, and especially the bottom phase when
there were two phases, contained large amounts of chloroform (CHCIl;) and/or
dichloromethane (CH,Cl,).

The unexpected presence of major amounts of CHCIl; and CH,Cl, imposed a
complete revision of the process and the installation. Burning of chlorinated hydrocarbons
results in the production of hydrogen chloride, HCI, and chlorine, Cl,. In the temperature
range we are using, 800—1000°C, the production of Cl, is minimal [14] and the reaction
equation for the complete burning of CHCl; can be written as:

2CHCL, + 0, +2H,0 = 2C0O, + 6 HCI + Energy

It is noteworthy that the complete burning of CHCl; requires H>O. This water can be
present in the feed, it can be produced in situ by the oxidation of e.g. CH30OH or it can be
co-injected in the furnace. Also, 1 mole CHCl; gives rise to the production of 3 mole HCI.
For a solvent composition of e.g. 20 wt.% CHCl;, 50 wt.% CH3OH and 30 wt.% H,O, this
results in a HCI concentration of 18 wt.% or 5 M for the condensate at the exit of the
furnace. When treating more chlorinated fractions, e.g. bottom phases, even supersaturated
HCI solutions can be obtained. Inevitably this leads to corrosion problems, destruction of
the molecular sieves and tritium releases because of leaks and/or decreased trapping
efficiency.

Mainly downstream of the furnace corrosion problems could be expected. In the
furnace HCI gas is formed at high temperature. With dry HCI the dangerous pit corrosion
is not very important, even at high temperature. Furthermore the construction material of
the thick walled furnace is the more corrosion resistant Hastelloy C276. But in the
presence of water, i.e. from the first cooler condenser, very corrosive hydrochloric acid
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solutions could be formed [15]. Because of the acidity of the solvent itself, possible
corrosion problems upstream of the furnace had also to be taken into account.

To allow the treatment of the chlorinated and acid tritiated liquid waste, the process

1s amended as follows:

Depending on the chlorine content and the composition of the to-be-treated phase,
methanol and water are co-injected. For calculating the respective flow rates we first
calculate the relative amount of water that should be present downstream of the furnace
to obtain a HCl concentration of maximum 15 wt.% in the condensate. Above a 15
wt.% HCI solution the HCI vapour pressure is only 5.107 bar at 20°C (and lowers at
lower temperature). In other words, the cooler condensers extract then nearly all HCl
from the gaseous phase and this HCl accumulates in the condensate vessel. We then
compute the amount of water that is already present in the feed, the amount that will be
formed by the oxidation of this feed and the supplementary amount needed. Afterwards
the methanol/water ratio of the required co-injection is estimated to optimise the heat
balance. Once the relative flow rates have been fixed, the corresponding relative
oxygen flow rate (at least 50 and preferably 100% stoichiometric excess) can be
calculated. The exact flow rates are then determined as a function of the maximum
available oxygen flow.

The condensate is neutralised with K,COs. To prevent possible downstream corrosion
and because the tritiated water has anyhow to be neutralised before its transfer to
Belgoprocess, the condensate is directly neutralised in the condensate vessel. To avoid
unnecessary dilution of the trittum a calculated substoichiometric amount of solid
K,CO3 is added in advance to the condensate vessel.

As an ultimate protection for the downstream parts of the installation, an acid trap is
placed between the condensate vessel and the molecular sieve beds. This is a fixed bed
reactor with three beds of solid K,CO;. Traces of HCI that are still present as gas or
aerosols are transformed in KCI, H,O and CO,. Preliminary cold test with relatively
HCI concentrations demonstrated the proper functioning of this trap.

The massive presence of chlorinated hydrocarbons, the above described amendments

of the process and the acidity of the original waste lead to an adaptation of the installation,
which is now being implemented.

Between the furnace and the condensate vessel, all stainless steel components,
including both cooler condensers and all tubing, fittings and valves are replaced by
Hastelloy C276 ones.

The stainless steel condensate vessel is replaced with a glass one, provided with a
stirrer, means for adding solid and dissolved K,COs3, automatic pH control, temperature
control and a cooling mantle.

The standard molecular sieves are replaced by more acid resistant ones.

Potentially exposed stainless steel valves and other components that operate at room
temperature or slightly above are replaced by equivalent PTFE ones.

The stainless steel process feed vessel is replaced by a glass one.

A peristaltic pump is used for the injection of the waste. Its pump head is replaced by a
PTFE-tubing pump head. PTFE is compatible with chloroform, methanol and the low
pH. Furthermore this pump head delivers a higher pressure.

Other components in the solvent feed line are also replaced by more compatible ones.
Pumps and other means are added for the co-injection of methanol and water.
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CONCLUSIONS

SCKeCEN participated to the I[AEA Co-ordinated Research Co-ordination
Programme "Combined Methods of Liquid Radioactive Waste Treatment" with two
projects, "Volume Reduction of Low Level Liquid PWR Waste" and "Treatment of
Tritiated Solvents". The first project lead to a process that combines the evaporation of
water with the volatilisation of boric acid. Separation of boric acid by volatilisation offers
promising perspectives for the operators of PWRs and VVERs who want to decrease the
volume of their operational LLLW and the corresponding costs. In a small pilot installation
at the Doel NPP, we demonstrated the technical feasibility of separating boric acid during
the evaporation of representative LLLW. In comparison with the current evaporation
practice for LLLW, the SCK+*CEN process achieves much higher waste volume reduction
factors while maintaining low activity discharge limits. Preliminary economic evaluations
reveal good prospects. For the treatment of evaporator concentrates, we are developing a
process to volatilise boric acid from solid waste with the use of superheated steam. This
process appeared very promising during laboratory and "cold" pilot tests.

The treatment of mixed waste poses a considerable challenge for the nuclear
industry. The second project, "Treatment of Tritiated Solvents", aims at the complete
destruction of liquid tritiated organic waste and recovery of the tritium as product-water for
further conditioning and disposal, or for possible recycling. It uses a combination of
thermal oxidation and catalytic after-oxidation, and a combination of simple condensation
with adsorption on molecular sieve beds. By splitting the bulk process from the final
"polishing", high efficiencies can be obtained in a relatively small installation. This work is
carried out in co-operation with a Canadian firm, which also delivered the original process
installation for treating the volatile, highly flammable, toxic and highly radioactive tritiated
organic waste that was stored at SCK*CEN. Only after integrating this installation in an
appropriate infrastructure we could safely unpack and sample the waste, which was
documented as a mixture of tritiated methanol and water. But the consequent analyses
revealed large amounts of chlorinated compounds. Although this complication imposed a
major revision of the process and the installation, the combination of the cited methods still
presents a safe, environmentally acceptable and relatively economical solution for treating
this type of waste.
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DEVELOPMENT OF COMBINED METHOD FOR TREATMENT OF LIQUID
WASTE FROM RECONSTRUCTION OF SHALLOW GROUND REPOSITORY
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Sofia, Bulgaria

Abstract. A combined method, based on sorption of radionuclides on inorganic sorbents, chemical
precipitation and separation/destruction of organic compounds in liquid waste streams, was developed
for the treatment of liquid waste generated during the reconstruction of Novi Han Repository. During
the project implementation liquid waste streams were characterised - the chemical and radionuclide
composition was identified. Different sorbents were tested. The report summarises the results of
research and development work performed.

1. INTRODUCTION

The aim of the study is to develop combined method for treatment of liquid waste that
arise during the activities for upgrading of Novi Han Radioactive Waste Repository and even
after the repository reconstruction, modernisation and construction of new facilities. The
treatment method is combination of two main processes — sorption of radionuclides on natural
inorganic sorbent and precipitation of suspended solids and radionuclides, if necessary,
depending on the radionuclide inventory of the liquid radioactive waste and it’s chemical
composition. If necessary, additional method is also included viz; separation of surfactants on
modified sorbent.

2. DESCRIPTION OF NOVI HAN REPOSITORY

The Novi Han Radioactive Waste Repository is the only Bulgarian national repository for
storage and disposal of radioactive waste, which are generated from nuclear applications in
industry, medicine, research and education. The Novi Han Repository comprises of several
different disposal vaults and above ground temporary storage structures for solid radioactive
waste, biological radioactive waste, spent sealed sources and liquid waste:

—  Concrete vault for disposal of low and intermediate level solid wastes, which consist of
three separate cells with total volume of 237 m”;

—  Concrete vault for disposal of biological wastes — which consist of three separate cells
with total volume of 80 m>;

—  Special concrete vault for disposal of spent sealed radiation sources of 1 m’;

—  Storage facility for liquid radioactive waste, which consists of four stainless steel tanks,
12 m® each, in a hydro-insulated underground concrete structure.

—  Concrete trench for disposal of solid radioactive waste, which consists of eight separate
units with total volume of 200 m’.

—  Temporary storage structure for low level spent sealed sources, smoke detectors and
static electricity eliminators, which consists of four full size metal transport containers
with total volume of 136 m;
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— Temporary storage structure for spent sealed sources, which consists of four reinforced
concrete structures with total volume of 60 m’ :

— Temporary storage structure for radioactive waste that could be released from
institutional control, which covers an area of 80 m2, covered with a roof.

All disposal and storage units are multibarrier engineered facilities. The disposal
facilities and liquid waste storage tanks are constructed according to a modified Russian
design (type TP-4891) and commissioned in 1964. The temporary storage structures are
constructed in 2000 to store temporarily spent sealed sources until new modern storage
facilities are commissioned and solid waste until the disposal in the existing disposal units is
licensed.

The installations for treatment and conditioning of radioactive waste, including liquid
waste, planned according to the initial design of repository, have not been constructed. Such
installations will be constructed at the stage of reconstruction of Novi Han Repository.

Treatment plant for liquid waste, as a part of low and intermediate level waste
processing and storage facility, will be constructed in the following years based on the method
that was developed under the Research Contract 9631 in the frame of IAEA Co-ordinated
Research Programme “Combined Methods of Liquid Radioactive Waste Treatment”. Small
mobile installation for treatment of liquid waste that arise during the maintenance and
improvement of the existing facilities is under construction.

3. IDENTIFICATION OF KEY RADIONUCLIDES IN THE LIQUID
WASTE STREAMS

In contrast to the liquid waste generated in the nuclear fuel cycle, that are characterised
with known radionuclide composition, the radionuclide composition of liquid waste streams
that arise at Novi Han repository varies in a wide range. Liquid waste, generated by the users
of sources of ionising radiation in the industry, research and medicine contribute to minor
extent to the total volume of the liquid waste. The Novi Han Repository itself will be the main
producer of liquid waste. Based on the radionuclide inventory of the disposal and storage
facilities [1,2] and the national radionuclide inventory of the sources of ionising radiation, that
are in use in the country, the activity of liquid waste generated at Novi Han Repository will be
governed mainly by 13 7Cs, 60Co, 99Sr and to smaller extent by 204Tl, 144Ce, 65 Zn, > 4Mn, 147Pm,
26p a, 239Pu, 241°Am.

4. PRINCIPLES IN THE LIQUID RADIOACTIVE WASTE MANAGEMENT

The national legislation does not allow discharge of any radioactive liquid to the
environment [3]. In the environment, only liquids that meet the criteria for drinking water
according to the national radiological standards [4] can be released. In addition surface and
groundwater protection legislation limits the gross beta activity up to 750 mBqg/L [5].

After careful consideration of the activity level, possible radionuclide content,
chemical composition and the available treatment technologies, as well as the long term
stability of the final waste form, combined method based on precipitation and ion exchange on
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natural inorganic sorbents (zeolites) has been selected for decontamination of the radioactive
liquid waste that arise during maintenance and improvement of Novi Han Repository and after
the reconstruction of the facility. If necessary, separation of surfactants on modified sorbent
may be included.

5. SORPTION OF RADIONUCLIDES

5.1. Selection of a sorbent

Several sorbents are studied in order to select the suitable one. All the sorbents are
natural zeolites from local deposits.

5.1.1. Description of different sorbents

All the sorbents originate from zeolite deposits located in Northeast Rhodope
Mountain in Bulgaria. All of the zeolite deposits are in generic connection with the first and
second acidic paleogene volcanism. Actually, most of the zeolite deposits are related to the
first acidic paleogene volcanism. The zeolitization is related to the alteration of wvitric
pyroclastic material under marine conditions. The main products of this process are zeolites
(analcime, clinoptilolite, mordenite) and in small quantities other authigenic minerals —
mont-morillonite, celadonite, chlorite, adularia, cristobalite, etc. The most promising and
thoroughly investigated are the clinoptilolite and mordenite deposits. The chemical
composition of monomineral zeolite fractions is given in Table L.

TABLE I. CHEMICAL COMPOSITION OF ZEOLITE SAMPLES FROM DIFFERENT
DEPOSITS

Deposit Beli Plast Most Morya- | Golob- | Kostino | Beli Bair | Lyasko-
ntzi radovo vetz
Oxides wt.% wt.% wt.% wt.% wt.% wt.% wt.%
Si0, 65.70 65.98 66.00 66.15 64.88 66.66 65.93
Ti0, 0.10 0.25 0.05 n.d. n.d. 0.06 0.44
AlLOs 11.01 10.71 11.60 11.13 11.91 1.09 0.80
Fe,04 0.37 0.35 traces 0.84 0.12 0.33 1.10
CaO 3.90 3.17 1.83 4.02 3.66 2.10 3.74
MgO 0.65 1.07 0.51 1.01 0.55 0.48 0.48
Na,O 0.20 0.13 3.52 0.67 1.95 2.47 2.02
K,0O 2.36 4.46 2.57 1.15 2.30 3.65 1.99
I.L. 15.34 13.40 13.77 14.61 14.20 2.76 13.37
Total 99.63 99.52 99.85 99.58 99.57 99.60 99.87

5.1.2. Comparison of the ion exchange properties

The zeolite samples are crushed and fraction 0.25-0.50 mm is used during the
experiments. All the zeolite samples are modified to produce sodium and ammonium
exchanged forms. One liter of concentrated solutions of sodium and ammonium nitrate (1N) is
passed through columns with 100 grams of zeolite till a full saturation of the sorbent.

Standard procedures are applied to compare the sorption of radionuclides on different
sorbents — determination of the ion exchange capacity, construction of sorption isotherms,
determination of the distribution coefficients, and kinetics experiments.
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Ion exchange capacity

The batch ion exchange capacity is obtained using following procedure — 1 gram
crushed and sieved sorbent is equilibrated for 5 days with 100 ml of 0.1 N solution of cesium,
strontium or cobalt nitrate, labeled with B4cs, 8SSr, OCo, 65Zn, 54Mn, H4Ce. Capacity is
calculated according to the equation:

— (CO - Ceq)'V;ol
Msolid

K

where K is the exchange capacity, meq/g
C,and C,, are the initial and equilibrium concentration, meq/ml
V... 18 the volume of the solution, ml
M, 1s the weight of the sorbent, g

Results are obtained for natural (untreated) zeolite and for its sodium and ammonium
modifications (Table II).

TABLEII. ION EXCHANGE CAPACITIES OF NATURAL UNTREATED AND
MODIFIES ZEOLITE SAMPLES FROM DIFFERENT DEPOSITS, Meq-g’

Deposit Exchange Cs" | Sr** | Co*™ | zZn* | Ccd* | Pb* | Mn* | Ce
form
Natural 0.97 | 0.69 0.15 0.25 0.42 1.12 0.17 0.12
Moryantzi Sodium 1.36 | 0.91 0.19 0.37 0.51 1.29 0.32 0.16
Ammonium | 1.22 | 0.76 0.16 0.18 0.30 1.20 0.21 0.10
Natural 1.35 | 0.73 0.18 0.40 0.40 1.15 0.21 0.14
Kostino Sodium 1.39 | 0.92 0.25 0.48 0.40 1.30 0.46 0.06
Ammonium 1.49 | 1.04 0.23 0.32 0.33 1.24 0.29 0.16
Natural 1.34 | 1.14 0.22 0.34 0.43 1.40 0.23 0.16
Beli Plast Sodium 1.44 | 1.28 0.41 0.52 0.60 1.60 0.56 0.19
Ammonium | 1.52 | 1.26 0.35 0.31 0.37 1.56 0.36 0.16
Golobra- Natural 0.47 | 0.18 0.09 0.18 0.25 0.54 0.08 0.12
dovo Sodium 0.71 | 0.53 0.13 0.26 0.34 0.83 0.21 0.14
ammonium 0.78 | 0.57 0.12 0.25 0.25 0.83 0.17 0.12
natural 0.77 | 0.38 0.08 0.15 0.27 1.01 0.07 0.06
Most sodium 0.95 | 0.59 0.15 0.30 0.36 0.91 0.19 0.10
ammonium 0.74 | 0.73 0.14 0.28 0.28 0.61 0.15 0.12
natural 0.72 | 0.67 0.23 0.17 0.38 0.87 0.19 0.16
Beli Bair sodium 0.88 | 0.84 0.27 0.32 0.38 1.01 0.38 0.17
ammonium 0.88 | 0.75 0.26 0.24 0.29 1.00 0.28 0.10
natural 0.85 | 0.10 0.05 0.07 0.13 0.41 0.03 0.06
Lyaskovetz | sodium 0.94 | 0.36 0.14 0.17 0.32 0.64 0.20 0.06
ammonium 0.95 | 0.34 0.13 0.18 0.25 0.59 0.16 0.08

Distribution coefficients

Distribution coefficients are obtained for **Cs, *’Sr and ®*Co in wide concentration range
from 1.10° N solution of the corresponding radionuclides to trace concentration. Different
types of simulated waste solutions were used, that are expected to be generated at Novi Han
Repository. These included a simulant “Low salt con